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Abstract

Objectives: Damage to the posterior cerebellum can cause affective deficits in

patients. In adults, cerebellar infarcts result in thermal hyperalgesia and affect

descending modulation of pain. This study evaluated the effect of resection of

low-grade cerebellar tumors on pain processing in human children. Methods:

Twelve pediatric patients treated with surgery only for low-grade gliomas (8

females, 4 males; mean age = 13.8 � 5.6) and twelve matched controls (8

females, 4 males; mean age = 13.8 � 5.7) were evaluated using quantitative

sensory testing and fMRI. Five patients had tumors localized to posterior cere-

bellar hemispheres, henceforth identified as Crus Patients. Results: Crus

Patients had significantly lower pain tolerance to a cold pressor test than con-

trols. No significant differences were detected between subject groups for heat

and cold detection thresholds (HDT, CDT), and heat and cold pain thresholds

(HPT, CPT). Crus Patients also showed significantly decreased fMRI responses

to painful heat in anterior insula, which has been associated with pain affect.

Interpretation: Damage to posterior cerebellar hemispheres disrupted affective

pain processing and endogenous pain modulation, resulting in decreased pain

tolerance to suprathreshold noxious stimuli. This suggests that surgical resection

of this region in children may increase the risk of developing pain disorders.

Introduction

Cerebellar tumor resection of posterior cerebellum can

lead to affective and cognitive deficits in pediatric

patients,1–3 but consequences of such a procedure on pain

sensation and pain processing are unknown. The impact

of surgical intervention in childhood is of particular inter-

est, as it may influence sensory development into adult-

hood.

While classical thinking on the cerebellum highlights

motor processing, evidence for its functional relevance to

pain, as well as affective processing, has been steadily

growing.4–7 In the intact brain, neuroimaging studies

show that the cerebellum consistently responds to painful

stimuli,5,8 and also may play a role in migraine.9,10 Tran-

scranial cerebellar direct current stimulation can modulate

pain intensity, as well as laser-evoked potentials measured

over somatosensory and anterior cingulate cortices.11

Neural activity in the posterior cerebellum, particularly

Crus I and II, has been observed to correlate with

decreased responses to aversive stimuli in the limbic sys-

tem,12 which is associated with affective processing.

Accordingly, contemporary theories of the cerebellum as

a neuromodulator of affect and cognition13 may also

extend to pain.

Deficits in affect regulation following insults to the

cerebellum have been described in adults4 as well as chil-

dren.1–3 Examples of affective disturbances included irri-

tability, impulsivity, disinhibition, and lability of affect

with poor behavioral modulation. Affective disturbances

in these studies were attributed to damage to the cerebel-

lar vermis. However, functional imaging studies in intact,

healthy adults suggest that the posterior lateral cerebellar

hemispheres may also relate to affective processing.12 This
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constellation of non-motor symptoms following cerebellar

damage has been described as cerebellar cognitive affective

syndrome.4

Specific psychophysical changes in pain perception have

been reported following cerebellar infarctions in adults.14

In 30 patients with heterogeneous cerebellar lesions com-

pared to 30 healthy controls, changes in pain sensitivity

were identified, with increased pain intensity to suprathresh-

old heat, increased temporal summation of pain intensity to

repeated mechanical punctate stimuli, as well as deficient

endogenous pain inhibitory mechanisms. Radiologic assess-

ment of CT and MRI scans described the infarcts as includ-

ing the posterior inferior cerebellar artery (n = 20), superior

cerebellar artery (n = 7), anterior inferior cerebellar artery

(n = 1), and multiple (n = 2). Based on lesion mapping in

half of patients, lesions were localized to posterior cerebellar

hemispheres. However, as detailed mapping was not per-

formed, functional modules relating to pain within the cere-

bellum were not assessed.

We hypothesized that the posterior cerebellar hemi-

spheres play a modulatory role in pain perception, and

that surgical resection in this area in children results in

disinhibition of pain processing. We assessed pain pro-

cessing using psychophysical and functional neuroimaging

methods in pediatric patients with precisely mapped cere-

bellar lesions following resection surgery.

Materials and Methods

Subjects

Twelve patients who were treated with surgery only for a

cerebellar low-grade glioma (8 females, 4 males; 13.8 �
5.6 years old, range: 6–23 years old, Table 1) were recruited

through referrals from the Dana-Farber/Boston Children’s

Cancer and Blood Disorders Center Pediatric Brain Tumor

Program. Eleven patients had gross total resections, and

one had a near total resection. Twelve age-, sex-, race- and

handedness-matched Healthy Controls (8 females, 4 males;

13.8 � 5.7 years old, range: 6–23 years old) were recruited

through advertisements online and in public locations. For

participants under 18 years of age (n = 18), participant

assent and written informed parental consent was

obtained prior to participation in the study. Participants

over 18 years old (n = 6) provided written informed

consent.

Patients and controls were excluded if they had any sig-

nificant medical or brain-related disorders that could

interfere with completion of the MRI or sensory testing

and if they were on any medications that might impact

central nervous system function (e.g. antidepressants,

anticonvulsants). One patient had a diagnosis of attention

deficit disorder, but was not prescribed any medications.

Pregnancy and recent drug use (barbiturates, benzodi-

azepines, cocaine, amphetamine, tetrahydrocannabinol,

phencyclidine, and opioids) were ruled out by negative

urine screening results (Alfa Scientific Designs and Alere).

The study was approved by the Dana-Farber Cancer Insti-

tute Institutional Review Board, and met the scientific and

ethical guidelines for human pain research of the Helsinki

Accord (http://ohsr.od.nih.gov/guidelines/helsinki.html) and

the International Association for the Study of Pain.

Quantitative sensory testing

Quantitative sensory testing was performed 1 hour prior

to fMRI scanning to measure HDT, CDT, HPT, CPT,

and cold pressor pain tolerance. All testing was done in a

dedicated research space the size of an office room.

A Medoc Thermal Sensory Analyzer (TSA-II) with a

3 9 3 cm2 MRI-compatible contact thermode was used

to deliver thermal stimuli to the hand dorsum. Testing

consisted of both ascending and descending method of

limits. At rest, the thermode maintained a baseline tem-

perature of 32°C. Rate of temperature change for all

threshold tests was 1°C/sec, with a return rate of 8°C/sec.
A research assistant held the thermode in place, and the

subject was told to use the other hand to click a button

when he or she first noticed any change in temperature

(HDT and CDT) or when he or she first noticed pain

(HPT and CPT). Starting with the right hand, the

sequence of testing was HDT, CDT, HPT, and CPT, with

each repeated three times and separated by a 10 sec inter-

stimulus interval. Each threshold level was calculated by

the average of three trials. The left hand was tested after-

wards in the same sequence.

The cold pressor task was used to determine cold pain

tolerance, through the use of a Techne RU-200 Dip

Cooler attached to a Techne Water Bath and FTE-10DDC

Table 1. Subject demographics.

Crus

patients

Non-Crus

patients

Healthy

controls

Subject totals 5 7 12

Sex 0M:5F 4M:3F 4M:8F

Age 14.0 � 7.8 13.6 � 4.2 13.8 � 5.7

Handedness 4R:1L 5R:2L 10R:2L

Age at surgery (years) 10.4 � 5.8 8.3 � 2.5 –

Time since surgery

(years)

3.6 � 2.2 5.3 � 3.1 –

Lesion extent (mm3) 25.3 � 3.5 4.9 � 3.8 –

Racial diversity

Non-Hispanic white 4 6 10

Hispanic/African-

American

1 1 2

Mean � SD.
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Tempette Thermoregulator (Bibby Scientific Limited,

Staffordshire, UK). This system maintained water temper-

ature at 7 � 0.01°C. The hand tested was the subject’s

most sensitive hand based on HPT, as the site of the

lesion was not described in detail in the surgical notes,

and also for experimental consistency with the fMRI scan

protocol. Subjects were told to place their hand in the

water bath for as long as they could.

Questionnaires

Psychological questionnaires were administered with the

aid of the parent for participants <18 years old. These

included the Fear of Pain Questionnaire in Children

(FOPQ-C) to assess pain-related fears, and the Multidi-

mensional Anxiety Scale for Children (MASC) to assess

anxiety across symptom domains. Participants ≥18 years

old completed the following questionnaires: the Fear of

Pain Questionnaire III (FPQ-III), and the Multidimen-

sional Anxiety Questionnaire (MAQ).

Imaging acquisition

Subjects were scanned in a 3T Siemens Trio MRI scanner

using a 32-channel head coil. Anatomical images were

obtained using a magnetization prepared rapid gradient

echo (MPRAGE) sequence (160 1-mm-thick sagittal slices

with an in-plane resolution of 0.78 mm [256 9 256]).

Gradient echo field mapping was also acquired, consisting

of 60 3-mm-thick axial slices with an in-plane resolution

of 3.44 mm (64 9 64). Functional scans were collected

using an echo planar imaging (EPI) sequence (TE/

TR = 30/2500 msec). EPI scans consisted of 41 3.5-mm-

thick axial slices with an in-plane resolution of 3.75 mm

(64 9 64) and 292 volumes acquired over 12 min and

10 sec.

Evoked heat pain fMRI

During the functional scan, the TSA-II applied thermal

stimuli at the subject’s HPT to his or her most sensitive

hand. The thermode was taped to the hand dorsum, and

a rating dial was placed in the other hand. The fMRI scan

consisted of a 30-sec baseline period of 35°C followed by

10 stimulus events, where the target temperature of HPT

was maintained for 24 sec, the rate of temperature change

was 5°C/sec, and the inter-stimulus interval was 40 sec.

Patients reported their real-time pain intensity during the

scan using a projected computerized VAS scale, with

extremes labeled “Min” and “Max.” The software package

LabVIEW 5.1 (National Instruments Corp., Austin, TX)

displayed the scale. VAS ratings were recorded digitally

from 0 to 10, though scales did not display numbers to

the subjects. For subjects whose HPT was lower than

35°C, the baseline was changed to 32°C (n = 1 patient, 1

control). A functional scan from one patient was excluded

due to technical difficulties with the acquisition.

fMRI – individual subject level image
pre-processing

Functional image datasets were processed and analyzed

with FSL 5.0.9 (FMRIB’s Software Library, www.fm-

rib.ox.ac.uk/fsl).15 Screening of motion correction param-

eters ruled out gross movement (>1 voxel).

The initial two volumes were removed from each of the

functional scans to allow for signal equilibration. B0 unwarp-

ing was performed using the B0 gradient echo field mapping

images, using an effective EPI echo spacing of 0.44 msec, and

a signal loss threshold of 10%. The skull and other non-brain

areas were extracted from the anatomical and functional

scans using FSL’s script brain extraction tool (BET). Motion

Correction using FMRIB’s Linear Image Registration Tool

(MCFLIRT) was performed on each functional scan. All vol-

umes were mean-based intensity normalized by the same fac-

tor. The volumes were spatially smoothed with a 5 mm full-

width at half-maximum (FWHM) filter, and a 100 sec high-

pass temporal filter was applied.

First-level fMRI analysis of single subject data was per-

formed with FMRI Expert Analysis Tool using FMRIB’s

Improved Linear Model (FEAT FILM) Version 6.00 with

local autocorrelation correction.16 The temperature pro-

files recorded during the functional scan were demeaned

and entered as explanatory variables (EVs), as were their

temporal derivatives to account for small temporal delays.

Temperature EVs were convolved with a gamma function

incorporating a 3-sec standard deviation and a 6-sec

hemodynamic lag. The resulting individual subject-level

statistical maps from all FEAT analyses were co-registered

with the subjects’ anatomical images with FMRIB’s Linear

Image Registration Tool (FLIRT).

Group analysis fMRI

To prepare for group analysis, individual subject statistics

were co-registered to the MNI152_T1_2 mm brain tem-

plate using FLIRT. Group activation maps were generated

by FEAT fMRIB’s Local Analysis of Mixed Effects

(FLAME). The patient group was split into those that had

resections that involved the posterior cerebellar hemi-

spheres in Crus I and II (Crus patients) and control

patients whose resections did not involve these regions

(Non-Crus Patients). Both Crus Patients and Non-Crus

Patients had undergone the same surgical procedure and

post-operative treatment. A one-way ANOVA was per-

formed, including a factor for Group (Crus patients,
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Non-Crus Patients, and Healthy Controls) and laterality

of stimulation was used as a regressor of no-interest.

Post-hoc group contrast maps were created for Healthy

Controls versus Crus Patients, and Non-Crus Patients

versus Crus Patients. Both contrasts had a significance

threshold criterion of Z > 3.1 with a cluster significance

threshold for multiple comparisons of P < 0.05.

Statistics – psychophysics, lesion extent, and
questionnaires

All analyses of psychometric data were performed using

GraphPad Prism software version 5 (GraphPad software

Inc). Unpaired two-tailed t-test using Welch’s correction

was used for comparison of means for the threshold, tol-

erance, and lesion extent measurements. The nonparamet-

ric Mann–Whitney U Test was used for comparison of

means for the MASC and FOPQ-C data.

Results

Lesion mapping

All lesions were restricted to the cerebellum only, resulting

from surgical resection of a low-grade astrocytoma

(n = 11) or ganglioglioma (n = 1). Of twelve resection

patients (Table 1), five had lesions in our regions of inter-

est, Crus I and II (Fig. 1, Table 2). Crus Patients lesions

were localized to posterior cerebellar hemispheres and had

some overlap with Non-Crus Patients lesions towards mid-

line cerebellar structures, including dentate nuclei. How-

ever, Non-Crus Patients lesions also tended to be localized

more anteriorly. Mean lesion extent in Crus Patients,

25.3 � 3.5 mm3 (SE) was significantly larger than in Non-

Crus Patients, 4.9 � 3.8 mm3 (unpaired two-tailed t-test

with Welch’s correction, t5 = 5.354, P = 0.0031).

Thermal thresholds

Detection thresholds for left and right hands were aver-

aged as no significant differences were observed between

hands. Respective measures (mean � SE) for the Crus

Patients, Healthy Controls, and Non-Crus Patients

(Fig. 2C) were (1) HDT: 34.2 � 0.7°C, 34.1 � 0.1°C,
and 34.5 � 0.3°C; (2) CDT: 30.4 � 0.6°C, 30.6 � 0.3°C,
and 30.7 � 0.1°C; (3) HPT: 38.4 � 1.8°C, 39.2 � 1.2°C,
and 40.8 � 1.5°C; and (4) CPT: 26.0 � 1.8°C, 22.2 �
2.5°C, and 22.5 � 3.8°C.

No significant differences were detected between Healthy

Controls and Crus Patients in HDT (unpaired two-tailed

t-test with Welch’s correction, t4 = 0.2020, P = 0.8498),

CDT (unpaired two-tailed t-test with Welch’s correction,

t5 = 0.2416, P = 0.8187), HPT (unpaired two-tailed t-test

with Welch’s correction, t7 = 0.3785, P = 0.7162), and

CPT (unpaired two-tailed t-test with Welch’s correction,

t14 = 1.210, P > 0.2463) (Fig. 2C).

Similarly, no significant differences were detected

between Non-Crus Patients and Crus Patients in HDT

(unpaired two-tailed t-test with Welch’s correction,

t5 = 0.4008, P = 0.7051), CDT (unpaired two-tailed t-test

with Welch’s correction, t4 = 0.3609, P = 0.7364), HPT

(unpaired two-tailed t-test with Welch’s correction,

t8 = 1.012, P = 0.3411), and CPT (unpaired two-tailed t-

test with Welch’s correction, t8 = 0.8177, P = 0.4372).

Cold pain tolerance

Crus Patients had significantly reduced cold pain tolerance

relative to Healthy Controls (unpaired two-tailed t-test

with Welch’s correction, t12 = 2.379, P = 0.0348) (Fig. 2A

and B). In both Healthy Controls and Non-Crus Patients,

at least half of each subject group could tolerate cold for

longer than 60 sec, with several subjects going beyond

3 min. No Crus Patient was able to tolerate cold for longer

than 31 sec. On average (�SE), Crus Patients were only

able to tolerate submersion of their hand in a 7°C water

bath for 22.6 � 3.5 sec, while Healthy Controls could tol-

erate the same for 47.5 � 14.5 sec. Non-Crus Patients

could tolerate the water bath for 114.0 � 48.4 sec, though

the longer duration was not significantly different from

Crus Patients due to greater variation (unpaired two-tailed

t-test with Welch’s correction, t6 = 1.883, P = 0.1087).

No significant correlation was detected between cold

pressor tolerance measures and lesion size when considering

all cerebellar lesion patients (Spearman’s rs(10) = �0.487,

P > 0.10). Also, no significant correlation was detected

when considering only Crus Patients (Spearman’s rs(3) =
�0.700, P > 0.10).

Questionnaires

MASC and FOPQ-C did not show any statistical differ-

ence between groups in any measure (Table 3). Given the

low number of adults in Crus Patient (n = 2), Healthy

Control (n = 3), and Non-Crus Patient groups (n = 1),

the adult-focused MAQ and FPQ-III were not analyzed.

fMRI data – contrast between group
responses to noxious heat

In comparison with Healthy Controls, Crus Patients

showed significantly decreased fMRI responses to noxious

heat in left anterior insula and dorsolateral prefrontal cor-

tex (DLPFC) (Fig. 3, left column). Significantly decreased

fMRI responses to noxious heat in left anterior insula only

was also observed in Crus Patients relative to Non-Crus

ª 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 347

K. E. Silva et al. Cerebellar Lesions Alter Pain Processing



Patients (Fig. 3, right column). No brain areas had

increased responses in Crus Patients in either comparison.

On a scale from 0 to 10, the average pain intensity evoked

by HPT was 0.9 � 1.0 (mean � SD) for Crus Patients,

1.4 � 1.3 for Non-Crus Patients, and 1.0 � 0.7 for

Healthy Controls.

Discussion

In this study, cerebellar lesions have been associated with

changes in pain affect based on two separate pain modali-

ties, with evidence of (1) decreased heat pain threshold

activation in cortical structures related to pain affect and

pain modulation, and (2) decreased cold pain tolerance.

Resection of posterior cerebellar hemispheres was associ-

ated with decreased pain-related fMRI activity in left

anterior insula and DLPFC. These patients also had sig-

nificantly lower pain tolerance with a cold pressor task,

but showed no differences in temperature levels for HDT,

CDT, HPT, or CPT compared to controls.

These findings are consistent with our prediction that

the posterior cerebellar hemispheres influence cortical

processing of the affective-motivational component of

pain. The anterior insula has been implicated with

Figure 1. Anatomical localization of cerebellar lesions using magnetization prepared rapid gradient echo sequences for each patient. Patients

were divided into two groups based on lesion localization: (A) Crus inclusive lesions, which included the posterior cerebellar hemispheres, and (B)

Non-Crus inclusive lesions, which did not include the posterior cerebellar hemispheres. Individual patient images are structural scans that have

been spatially normalized to the SUIT atlas.44 Colored images on the right show the extent of lesion overlap across patients on the standard

MNI152 atlas, ranging from 1 to 3 for Crus Patients (red-yellow) and 1–4 in Non-Crus Patients (dark blue-cyan).
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affective pain processing.17–19 Lesions to the anterior

insula decrease affective reactions to pain, including

increased tolerance to the cold pressor task, without

affecting pain thresholds.20,21

Sensitivity to suprathreshold thermal stimuli can also

be heightened with insular lesions, indicating that the

insula has a complex relationship with emotional

responses to pain.22 Our findings suggest that without an

intact posterior cerebellum, the anterior insula abnormally

responds to noxious heat.

DLPFC has been previously related to pain modula-

tion.23–25 Transcranial direct current stimulation of DLPFC

can increase pain tolerance.26,27 The pain inhibiting effect

of DLPFC has been observed with cognitive-emotional

engagement,28,29 and the perceived ability to control pain

appears to be a factor.30,31 Intriguingly, activation of

DLPFC, cerebellum, and anterior cingulate cortex in con-

cert has been negatively correlated with the analgesic effects

of spinal cord stimulation in the treatment of chronic back

pain.32 This network related to the cognitive control of

pain appears to be disrupted in patients with posterior

cerebellar hemispheric lesions.

Areas within the posterior cerebellar hemispheres are

part of cortico-cerebellar networks that are functionally

connected with anterior insula and DLPFC.33–35 These

networks have been previously related to pain modulation

and executive control, in the case of DLPFC, and pain

affect and salience for anterior insula. Tract tracing stud-

ies in primates have also shown white matter anatomical

connectivity between cerebellar dentate nuclei and

DLPFC.36,37

Differences in cold pain tolerance between patients and

controls are presumed to result from damage to the pos-

terior cerebellar hemispheres, interfering with pain affect

and modulation of pain pathways. As a measure, pain tol-

erance is impacted by affective, motivational, and cogni-

tive factors.38,39 Furthermore, significant disparities are

not seen in detection and pain thresholds, indicating that

the cerebellum may have a preferential impact on the

affective-motivational rather than the sensory-discrimina-

tive dimension of pain.

Our findings are complemented by a study that evalu-

ated changes in pain perception following gross cerebellar

infarctions in adults.14 Although cold pain tolerance was

not assessed, cerebellar lesions were associated with ele-

vated reports of pain evoked by suprathreshold heat and

Table 2. Lesion extent.

Patient Lesion size (mm3) Location

Crus patients

1 30.7 L Vermis, Lobule VI, Crus I-II

2 29.3 R Lobule VIIb, Crus I-II

3 30.3 R Lobule VII-VIII, Crus I-II

4 24.0 R+L Lobule I-VI, Crus I-II

5 12.2 R Lobule VI, Crus I-II

Non-Crus patients

6 6.3 R+L Vermal Lobules I-V

7 6.1 R Vermal Lobules VII-IX

8 0.4 L Lobule VI

9 1.4 L Lobule VIIb

10 7.8 Midline Vermis

11 1.1 R+L Lobule VIIIa

12 11.3 R+L Lobule IX
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Figure 2. Decreased cold pain tolerance in Crus Patients. (A) Proportion of subjects able to tolerate hand immersion as a function of time

immersed. The circulating water bath temperature was maintained at 7°C. (B) Box-plot highlighting median and distribution of tolerance across

groups. The horizontal line within each box represents the median measurement, upper and bottom bounds of each box correspond to the upper

and lower quartile range, and the whiskers indicate the complete range of samples. *P < 0.05 (unpaired two-tailed t-test with Welch’s

correction). (C) HDT, CDT, HPT, and CPT were not significantly different between Crus Patients, Healthy Controls, and Non-Crus Patients. Stimuli

were delivered to the hand dorsum, and thresholds determined by way of ascending and descending method of limits. The dashed line indicates

baseline temperature.
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repeated pinprick stimuli, but with no affect on pressure

or heat pain thresholds. These changes were bilateral, but

were most pronounced on the side ipsilateral to the

lesion. In addition, measures relating to endogenous

descending modulation of pain were decreased, including

reduced offset analgesia and placebo analgesia. This sug-

gests that a state of generalized hyperalgesia can also arise

following cerebellar insult. Our findings indicate that this

hyperalgesia occurs when the lesion specifically includes

the posterior cerebellar hemispheres.

All patients with posterior cerebellar hemisphere lesions

were female, and all had substantially more expansive

cerebellar lesions than the other patients. This was not

the case in the observation of lesions from cerebellar

infarcts in adults, which showed a 2:1 proportion of

males to females.14 This may reflect the greater incidence

of astrocytomas in this region in female patients in this

pediatric population, as the female to male prevalence of

pediatric cerebellar astrocytomas is approximately 1.8:1.40

Considering that larger lesions were observed within the

posterior cerebellar hemisphere than those without, the

affective pain differences observed could be due to the

size of the lesions just as much as it could be their local-

ization. However, no significant correlation was detected

relating lesion size to cold pressure tolerance measures.

Further studies will be needed to make a more conclusive

determination.

Although we observed changes in affective pain pro-

cessing, we did not detect significant changes in affect as

measured with the FOPQ-C and the MASC. However,

previous cerebellar lesion studies in patients have

demonstrated behavior deficits consistent with changes in

Table 3. Psychological survey results.

Crus patients

N = 3

Controls

N = 9 Mann–Whitney U P-value

Crus versus controls

MASC

Harm avoidance 46.3 � 11.0 46.3 � 7.6 11.00 0.7009

Tense/restless 46.7 � 4.0 50.8 � 5.7 11.00 0.7091

Panic 46.7 � 7.6 51.0 � 16.2 11.00 0.7071

Physical symptoms: total 46.3 � 6.5 50.8 � 11.5 11.50 0.7792

Obsessions & compulsions 41.3 � 2.3 51.2 � 11.4 5.00 0.1314

Performance fears 51.3 � 11.9 50.3 � 14.1 11.00 0.7081

Humiliation/rejection 45.3 � 8.4 46.0 � 8.6 12.50 0.9235

Social anxiety: total 47.3 � 11.0 48.0 � 11.7 13.50 0.9245

General anxiety disorder index 50.0 � 9.5 48.3 � 6.5 11.00 0.7091

Separation anxiety/phobias 54.0 � 8.7 51.5 � 9.8 9.50 0.5138

MASC 2 score 48.3 � 11.2 49.5 � 10.2 13.50 0.9255

FOPQ-C

Total 35.3 � 11.2 19.1 � 11.7 4.00 0.1833

Fear of pain 17.3 � 6.0 10.7 � 6.2 3.50 0.1349

Avoidance of activities 18.3 � 6.8 8.4 � 7.3 5.00 0.2516

Crus versus Non-Crus

MASC

Harm avoidance 46.3 � 11.0 47.0 � 8.2 7.50 0.7865

Tense/restless 46.7 � 4.0 49.6 � 7.3 6.00 0.5169

Panic 46.7 � 7.6 50.0 � 11.6 8.50 1.0000

Physical symptoms: total 46.3 � 6.5 50.0 � 9.1 8.00 0.8960

Obsessions & compulsions 41.3 � 2.3 50.2 � 8.5 4.00 0.2373

Performance fears 51.3 � 11.9 48.6 � 8.7 7.00 0.6924

Humiliation/rejection 45.3 � 8.4 44.6 � 7.3 8.50 1.000

Social anxiety: total 47.3 � 11.0 45.7 � 7.6 8.50 1.000

General anxiety disorder index 50.0 � 9.5 48.2 � 9.5 7.50 0.7954

Separation anxiety/phobias 54.0 � 8.7 52.3 � 10.1 8.00 0.9048

MASC 2 score 48.3 � 11.2 48.2 � 9.7 9.00 0.8955

FOPQ-C

Total 35.3 � 11.2 26.8 � 11.4 6.00 0.5169

Fear of pain 17.3 � 6.0 13.2 � 6.2 5.00 0.3642

Avoidance of activities 18.3 � 6.8 13.7 � 5.4 5.00 0.3580

MASC and FOPQ-C show no significant differences between pediatric Crus patients versus healthy controls (unpaired two-tailed Mann–Whitney

Test), and Crus patients versus Non-Crus patients (unpaired two-tailed Mann–Whitney test). Mean � SD.
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affect.1–3,41 This discrepancy may be due to insufficient

sensitivity of these scales and low patient numbers to

achieve significance, thus decreasing confidence in these

negative observations. The pool of useable survey data was

further diluted by the use of adult questionnaires for

patients who were ≥18 at the time of their research visit,

which are not directly comparable with the child versions.

While no measure demonstrated significant differences,

patients with Crus lesions showed a trend towards

increased fear of pain, and a trend towards decreased anx-

iety, particularly with the obsessions subscore. The lack of

significant findings with the questionnaires underscore

the robust differences observed with cold pain tolerance

and the fMRI results.

Several caveats regarding this study are worth bearing

in mind, specifically regarding the fMRI results. Following

surgical resection of portions of the cerebellum, the

hemodynamic vascular coupling that connects localized

neural activity with the fMRI signal measured could be

disrupted in the rest of the brain. However, this likeli-

hood is reduced given that the fMRI contrast between

Crus Patients and Non-Crus Patients was similar to the

contrast between Crus Patients and Healthy Controls.

In addition, stimulation during the fMRI scans produced

very low pain ratings in all three groups and the most dra-

matic perceptual changes appear to be to suprathreshold

stimuli. In most subjects, the first stimulus was rated as

clearly painful, while the following stimuli were rated much

lower. The decision to use HPT was based on minimizing

discomfort elicited in our pediatric patients. We would

anticipate that fMRI differences would be even more dra-

matic when using more painful stimuli. Now that we have

established that cold pressor tolerance is most affected in

these patients, future fMRI studies can focus on activation

elicited by suprathreshold cold stimulation.

An alternative interpretation of the insular processing

changes with Crus lesions could relate to alterations in

the salience network rather than affective pain processing.

The anterior insula is part of a multi-modal salience net-

work, which may process attentional threat detection

related to noxious stimuli.42,43 A resting state fMRI study

has shown that the salience network is functionally coher-

ent with parts of the cerebellum, including Crus I, Lobule

VI, and the dentate nuclei.33 Considering that pain toler-

ance is decreased in our lesion patients, the interpretation

that threat detection may be sensitized is provocative.

While this suggests that our patients may also be sensi-

tized to other salient stimuli, HDT, CDT, HPT, and CPT

were not significantly altered in our patients. Neverthe-

less, more evidence is needed to determine the impact of

Crus lesions on salience processing.

We believe that this project expands the perspective of

the role of the cerebellum in modulating affective pain

processing in children. The discovery that the cerebellum

modulates pain processing could aid in the development

of novel therapies to treat pain. The resulting findings

may lead to enhanced diagnostics and therapeutic treat-

ments, which could significantly improve quality of life in

cancer patients suffering from pain.
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