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Abstract. — OBJECTIVE: Our objective was
to use Amplitude of Low-Frequency Fluctuation
(ALFF) method to investigate the changes in
spontaneous brain activity in HM patients and
their relationships with clinical features.

PATIENTS AND METHODS: This study was
set out to observe, using Functional magnetic
resonance imaging (fMRI), the changes in spon-
taneous brain activity in patients with phan-
tom limb pain (PLP). Eleven amputees with PLP
closely matched in age, sex, and education in a
right side lower limb were scanned using fMRI
to measure the amplitude of low-frequency fluc-
tuation (ALFF) and functional connectivity (FC)
in the resting state of the brain (G_ ) before use
of prosthetic. They were then scanned again af-
ter recovering from PLP (G, ) after use of arti-
ficial limbs. Eleven healthy volunteers (G.) were
also scanned.

RESULTS: When compared to G, G, , exhib-
ited decreased ALFF in the left inferior pari-
etal lobule, and G, ,, exhibited decreased ALFF
in the left precuneus. When compared to G_ ,,
G, showed positive FC in the part regions of
the limbic system structure. When compared to
G, the positive FC in G, ., was significantly de-
creased in the midbrain. Finally, when compared
to G, ., G, ., showed significantly decreased
positive FC in the right precuneus and inferi-
or parietal lobe. The central nervous system
shows functional changes in the resting state of
the brain in patients with PLP, which may indi-
cate the presence of neurobiological changes.
The recovery time of the changes may be longer
than the pain symptoms of patients.

CONCLUSIONS: The technique of fMRI of the
resting network of the brain in patients with PLP
may be able to be used to monitor clinical ther-
apeutic effects.
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Introduction

PLP refers to the pain experienced in a miss-
ing limb, and recognized as a kind of neuro-
pathic pain. Currently, there are many clinical
treatments for phantom limb pain'* that aim to
alleviate pain and improve quality of life, but the
effects in different patients show no consistently
satisfactory results. With the emergence of nu-
clear magnetic resonance technology, research
on the central nervous system has developed
rapidly>”. One of these technologies, fMRI, pro-
vides an excellent way to study the mechanisms
of chronic pain. Researches have shown that pa-
tients with various kinds of chronic pain exhibit
changes in the structure and function of the re-
lated brain areas®’, and there are similar changes
in subcortical structures'®!'. A similar reorgani-
zation has been found in the brains of patients
with PLP'>13, and so it has been observed that
cortical reorganization may be a central mech-
anism in PLP". The default mode network"
suggests that the organized spontaneous activity
in the resting state of the brain may be related to
nerve function to consolidate memories, predict
the future, and stay alert. The ALFF of the blood
oxygen level-dependent’® signal wave detected
by fMRI reflects the spontaneous nerve activity
of the brain of the patient in the resting state.
The ALFF has been widely applied to detect
the brain function within a specific frequency
range (0.01-0.08 Hz)'"'®. We wanted to address
the question of how changes in the central neural
spontaneous activity and functional connectivi-
ty between the resting state of patients suffering
from PLP and those recovering from the clinical
symptoms of PLP, and whether the changes
disappear with the disappearance of pain symp-

Corresponding Author: Yunxia Zuo, MD; e-mail: 1043545263@qqg.com



ALFF study of the spontaneous brain activities of patients with phantom limb pain

toms. This study looked at the spontaneous
electrical activities and functional connectivity
in the resting state of the central nervous system
of the control group, the PLP group, and the
PLP group to explore the possible mechanisms
of PLP and to provide a reference standard for
imaging to use in the clinical cure of PLP.

Patients and Methods

Patients

Eleven patients with right lower limb ampu-
tations with PLP were recruited from hospitals
and Prosthetics and Orthotics Centers between
January 2009 and December 2010. All amputees
used artificial limbs to promote the rehabilitation.
A fMRI of their brains was obtained before use
of prosthetic and after use of prosthetic with VAS
below 2 (defined the pain has been restored). In
addition, fMRIs of 11 healthy volunteers were
obtained as a control. Inclusion criteria: right
lower limb amputees who still had PLP and with
no mental disability were included.

Exclusion criteria: left lower limb amputees
with PLP who had claustrophobia, who had
a metal implant in their body and who had
not signed the informed consent form were
excluded.

The experimental procedures: questionnaires
based on McGill pain questionnaire (MPQ)
were completed by all patients before the day
of the fMRI, covering basic information, and
the period over which the PLP had evolved
(using VAS). The fMRIs in the resting state
of the brain were then obtained. The Ethics
Committee of West China Hospital of Sichuan
University approved the study. All participants
signed an informed consent form.

Image Acquisition

MRI scanning was performed on a 3 TMR
scanner (Trio; Siemens, Munich, Germany). The
functional data were obtained with spoiled gradi-
ent-recalled echo sequence with the parameters
(repetition time = 1,900 ms, echo time = 2.26 ms,
thickness =1.0 mm, gap = 0.5 mm, acquisition
matrix = 256 x 256, field of view = 250 x 250
mm, flip angle = 9°). We also obtained 240 func-
tional images (repetition time = 2,000 ms, echo
time=30 ms, thickness = 4.0 mm, gap = 1.2 mm,
acquisition matrix = 64 x 64, flip angle = 90°,
field of view = 220 x 220 mm, 29 axial).

All subjects were scanned using a 3T MR
system (GE Excite, Milwaukee, WI, USA) with
an 8-channel phased array head coil. During the
MRI examination, subjects were instructed to
relax with their eyes closed but not to fall asleep.
MR images sensitized to changes in BOLD signal
levels (TR/TE = 2,000/30 ms; flip angle = 90°)
were obtained by a gradient-echo echo-planar
imaging (EPI) sequence. There were five dummy
scans collected before fMRI scans, and the first
five volumes of fMRI time series were discarded
for magnetization stabilization. The slice thick-
ness was 5 mm (no slice gap) with a matrix size
of 64 x 64 and a field of view of 240 x 240 mm?,
resulting in a voxel size of 3.75 x 3.75 x 5 mm’.
Each brain volume comprised 30 axial slices,
and each functional run contained 200 image
volumes.

Data Pre-processing

Functional image preprocessing and statisti-
cal analyses were carried out by using Statis-
tical Parameter Map (SPMS). For each partic-
ipant, echo-planar imaging (EPI) images were
slice-time-corrected, realigned to the first im-
age, and unwarped to correct for susceptibili-
ty-by-movement interaction. All of the realigned
images were spatially normalized to the Montreal
Neurological Institute (MNI) template, and each
voxel was resampled to 3 x 3 x 3 mm?® without
spatial filtering.

Amplitude of Low-Frequency Fluctuation
(ALFF) Calculation

ALFF is thought to reflect spontaneous neural
activity in humans '°. After the preprocessing,
resulting data were further temporally band-pass
filtered (0.01-0. 0.08 Hz) to reduce the effects of
low-frequency drift and high-frequency physio-
logical noises and linear-trend removal, the time
series were transformed to the frequency domain
by using Fast Fourier Transform (FFT), and the
power spectrum was obtained. Next, the power
spectrum obtained by FFT was square root-trans-
formed and averaged across 0.01-0.08 Hz at each
voxel. The averaged square root of activity in
this frequency band was taken as the ALFF. For
standardization purposes, the ALFF of each vox-
el was divided by the global mean ALFF values.
ALFF and Functional Connectivity (FC) values
were calculated by using REST (State Key Lab-
oratory of Cognitive Neuroscience and Learning
in Beijing Normal University; http:/resting-fmri.
sourceforge.net, Beijing, China).
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Functional Connectivity Analysis

Functional connectivity was examined by us-
ing a seed voxel correlation approach. The left
precuneus was selected as seed region based on
our ALFF findings and previous neuroimaging
studies of patients with phantom limb pain that
revealed abnormal function in the region associ-
ated with pain processing. In SPMS5, after band-
pass filtering (0.01-0.08 Hz) and linear-trend
removal, a reference time series for the seed was
extracted by averaging the fMRI time series
of voxels. Then, correlations were computed
between the seed reference and the rest of the
brain in a voxelwise manner. Finally, individual
relativity value (r-value) map was produced and
the correlation coefficients in each voxel were
transformed to z values by using the Fisher
r-to-z transformation to improve normality be-
fore performing the random effect 7-tests. By
using SPM5, we removed components with high
correlation to CSF or white matter, or with low
correlation to gray matter, which are thought to
be associated with artifacts, such as cardiac-in-
duced or respiratory-induced variations, rather
than representing neural activity.

Statistical Analysis

ALFF maps in the G, ,, G, ,, and G. were
compared by using one-sample -test pair z-test
between PLP and PLPr, and two-sample #-test
between controls and PLP, PLPr, respectively in
SPMBS. Statistical analysis was performed with a
general linear model analysis using the Statistical
Parametric Mapping 8 (SPMS). Statistical thresh-
old of p < 0.01 without correction was used for
an exploratory whole-brain analysis. Functional
connectivity maps in the G, , G, ,, and G were
compared by using pair #-test between G, , and
G,,,,» and two-sample t-test between G and G, ,,
G,, ;- respectively in SPMS5. Statistical threshold
p < 0.005 without correction was considered as

significant.

PLPr’

Table I. Clinical features of participants (N = 11).

Results

Clinical Features of Participants

Eleven patients with right lower limb ampu-
tations with PLP were recruited from hospitals
and prosthetics and orthotics centers. Analysis of
clinical features revealed no statistically signifi-
cant differences between amputation patients and
healthy volunteers (Table I).

Changes in ALFF

Between the PLP group and control group,
a final binary mask image showing voxels in
the brain exhibited significant decreased low-fre-
quency fluctuations in left inferior parietal lobule
in the PLP groups at the specified statistical
threshold (p < 0.001) (Figure 1).

Between the PLPr group and control group,
a final binary mask image showing voxels in
the brain exhibited significant decreased low-fre-
quency fluctuations in left precuneus in the PLPr
groups at the specified statistical threshold (p <
0.001) (Figure 2).

Changes in FC Pattern

Between the PLP group and control group, the
difference of functional connectivity exhibited
positive functional connectivity in the control
group in the inferior parietal lobule (L), tempo-
ral lobe (L), parahippocampal gyrus (L), lingual
gyrus (L), at the specified statistical threshold (p
< 0.001) (Figure 3). Between the PLPr group and
control group, in midbrain (a key region of pain
matrix) there was significant decreased positive
functional connectivity in the PLPr group at the
specified statistical threshold (p < 0.005) (Fig-
ure 4). Between the PLPr group and PLP group,
there was significant decreased positive function-
al connectivity in right precuneus (a key region of
pain matrix) and in right inferior parietal lobule
in PLP group at the specified statistical threshold
(p <0.005) (Figure 5). The changes of ALFF and
FC in all patients showed in Table II.

Feature GPLP-G, G, p-value
Age (mean + SD), years 45+ 12 38+9 0.56
Male/Female 8/3 7/4 0.25
Education, years 7.50 £3.30 7.52+2091 0.71
Amputation level All above knee
VAS (mean = SD) 6.24 +£0.38
T (mean + SD), days 92.83 £40.81

VAS = visual analogue scale before the use of prosthetic; T = Time from the first use of prosthetic to visual analogue scale below 2.
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Figure 1. Region showing dif-
ferences in ALFF between the
PLP patients and controls during
rest with eyes closed. In the left
inferior Parietal Lobule the PLP
group exhibited decreased ALFF
(p < 0.001). ALFF: Amplitude
of Low-Frequency Fluctuation;
PLP: Phantom Limb Pain.

Figure 2. Region showing dif-
ferences in ALFF between the
PLPr patients and controls during
rest with eyes closed. In the left
Precuneus the PLPr group exhib-
ited increased ALFF (p < 0.001).
ALFF: Amplitude of Low-Fre-
quency Fluctuation. PLPr: Re-
covery from Phantom Limb Pain.
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Figure 3. Regions showing differences in functional connectivity with the left precuneus (region of interesting, ROI) between
the PLP patients and controls. The control group showed the positive functional connectivity in the left Inferior parietal lobule,
temporal lobe, parahippocampal gyrus, lingual gyrus (p < 0.005). PLP: Phantom Limb Pain

Discussion

Currently PLP in patients after amputation
still has no satisfactory treatment, so there is an
urgent need to clarify the mechanism. Research-
es'"” show changes of FC in a task state of the
brain using different methods in amputees. This
raises some of questions as to whether there are

o R O e

changes of FC in the resting brain in patients
with PLP, and whether the reorganization of the
central nervous system returns to normal when
the patients recover from PLP. To address these
questions this trial compared the ALFF and FC
in the resting-state brain between GPLP, G e
and G_.. The research found that ALFF in the left
1nfer10r parietal lobule were decreased in G

Figure 4. Region showing differences in functional connectivity with the left precuneus (region of interesting, ROI) between
the PLPr patients and controls. The positive functional connectivity in the PLPr group was significantly decreased in the

midbrain (p < 0.005). PLPr: Recovery from Phantom Limb Pain.
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Figure 5. Regions showing differences in functional connectivity with the left precuneus (region of interesting, ROI)
between the PLPr and PLP patients. The PLP group showed significantly decreased positive functional connectivity in the
right precuneus (4) and inferior parietal lobe (B) (p < 0.005). PLP: Phantom Limb Pain. PLPr: Recovery from Phantom Limb
Pain.

Because the left inferior parietal lobule is related
to the visual body image, this result may be the
central mechanisms of body image disorder due
to the lack of the right leg. The control group
showed positive connection in the relevant re-
gions compared to G, ,, which are all part of the
limbic system and are associated with memories
and emotions of pain. So the results may reflect
neural functional connectivity decreased in the
corresponding regions, and may indicate the
mental and psychological mechanisms in the
central nervous system in patients with PLP. The
results are similar to the results from previous
investigations'”** of functional connections in
the task state of the brain. In the left precuneus
showed decreased ALFF and in the midbrain (a
key region of the pain matrix) showed a signif-
icant decreased positive functional connectivity
in G, , compared to the G.. As we know, the
precuneus and the midbrain are pain-related
brain regions. The results indicate that, after
recovery from pain symptoms in patients with
PLP, the neurological functional connections of
related parts of the brain are not restored to the
level of healthy people, and show abnormal cen-
tral nervous activity in the resting state of brain
areas related to pain. In the past, research has
suggested that cortical reorganization occurred
in all patients with or without PLP post-am-
putation?!, but there were differences in the

degree of reorganization between patients with
phantom limb sense and phantom limb pain®.
Other works*** also showed that patients born
with no limb and patients with phantom limb
sense have no cortical reorganization. Wheth-
er the above differences between the recovery
group patients and the control group shown
in this trial were the result of the aftermath of
pain or were caused by the absence of afferent
neurons® needs further study to confirm. In the
right precuneus (a key region of the pain matrix)
and in the right inferior parietal lobule in PLP
patients showed a significant decreased positive
functional connectivity. The results may suggest
that the changes related to visual psychology
impaired in these areas are a certain degree of
recovery in G, .. The experiment showed dif-
ferences in amplitude of low-frequency fluctu-
ation and functional connectivity in the resting
brain between G, ,, G, ,, and G, which suggest
that the recovery of phantom limb pain may be
a long process. Even if the clinical symptoms of
pain disappear, changes in the relevant parts of
the central nervous system need a longer recov-
ery process. From the point of view of treating
PLP, how to prevent and reverse cortical reor-
ganization®*?” may be more direct and thorough
treatment for patients with phantom limb pain.
In this study, the ALFF and functional connec-
tivity in the resting state of the brain showed
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differences between G, ,, G, ., and G suggest
that the central nervous exhibits a functional re-
organization in patients with PLP. The recovery
time of the reorganization of the central nervous
system in patients with PLP may be longer than

the recovery time from pain symptoms.

Conclusions

The technique of fMRI of the resting network
of the brain in patients with PLP may be able to
be used to monitor clinical therapeutic effects,
but this conclusion needs to be further confirmed
by expanding the sample size.
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