Korean ] Pain 2019;32(4):271-279

https://doi.org/10.3344/kjp.2019.32.4.271

pISSN 2005-9159 eISSN 2093-0569

KJP

Original Article

’ '.) Check for updates ‘

Increased white matter diffusivity associated with phantom limb

pain

Cheong Hoon Seo"*, Chang-hyun Park®*, Myung Hun Jung’, Seungki Baek®, Jimin Song*, Eunsil Cha*, and

Suk Hoon Ohn*

'Department of Physical Medicine and Rehabilitation, Hallym University Hangang Sacred Heart Hospital, Hallym University College of Medicine,

Seoul, Korea

*Center for Neuroprosthetics and Brain Mind Institute, Swiss Federal Institute of Technology (EPFL), Geneva, Switzerland
*Department of Psychiatry, Hallym University Sacred Heart Hospital, Hallym University College of Medicine, Anyang, Korea

*Department of Physical Medicine and Rehabilitation, Hallym University Sacred Heart Hospital, Hallym University College of Medicine, Anyang, Korea

Received March 4, 2019
Revised May 30, 2019
Accepted May 30, 2019

Correspondence

Suk Hoon Ohn

Department of Physical Medicine and
Rehabilitation, Hallym University Sacred
Heart Hospital, 22 Gwanpyeong-ro 170
beon-gil, Dongan-gu, Anyang 14068, Korea
Tel: +82-31-380-3860

Fax: +82-31-380-3864

E-mail: ohneum@gmail.com

*These authors contributed equally to
this work.

Key Words

Amputation

Brain

Chronic Pain

Diffusion Tensor Imaging
Magnetic Resonance Imaging
Neuronal Plasticity

Phantom limb

White Matter

INTRODUCTION

Background: We utilized diffusion tensor imaging (DTI) to evaluate the cerebral
white matter changes that are associated with phantom limb pain in patients with
unilateral arm amputation. It was anticipated that this would complement previous
research in which we had shown that changes in cerebral blood volume were asso-
ciated with the cerebral pain network.

Methods: Ten patients with phantom limb pain due to unilateral arm amputation
and sixteen healthy age-matched controls were enrolled. The intensity of phantom
limb pain was measured by the visual analogue scale (VAS) and depressive mood
was assessed by the Hamilton depression rating scale. Diffusion tensor-derived pa-
rameters, including fractional anisotropy, mean diffusivity, axial diffusivity (AD), and
radial diffusivity (RD), were computed from the DTI.

Results: Compared with controls, the cases had alterations in the cerebral white
matter as a consequence of phantom limb pain, manifesting a higher AD of white
matter in both hemispheres symmetrically after adjusting for individual depressive
moods. In addition, there were associations between the RD of white matter and
VAS scores primarily in the hemispheres related to the missing hand and in the cor-
pus callosum.

Conclusions: The phantom limb pain after unilateral arm amputation induced plas-
ticity in the white matter. We conclude that loss of white matter integrity, particularly
in the hemisphere connected with the missing hand, is significantly correlated with
phantom limb pain.

and secondary lesions. All cerebral dysfunctions can,

fundamentally, be understood as consequences of altered
neural networks and connectivity. Patients with limb am-
putation lose afferentation from the missing limb, affect-
ing many brain networks. Indeed, phantom limb pain fol-
lowing such amputation can be understood in the context
of areorganization of the pain network.

Cerebral gray and white matter lesions may have common
etiologies. Dysfunction from vascular [1], degenerative
[2], traumatic [3], and aging [4] processes are typically in-
volved in changes to the gray matter and the white matter
that provide intracerebral connectivity between primary
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To date, several functional and structural reorganiza-
tions of the cortices and the thalamus have been identi-
fied as possible mechanisms underlying phantom limb
pain [5-9]. Previous neuroimaging studies have revealed
that alterations in pain network neural activity occur in
both the sensory-perceptive [7,9] and emotional domains
[5], both of which play different roles in the experience of
pain. The sensory-perceptive domain of the pain network
is responsible for pain sensation in the presence of noxious
body stimuli and involves the thalamus, primary somato-
sensory cortex, secondary somatosensory cortex, and in-
sula. The emotional domain of the pain network is respon-
sible for reacting to pain with negative emotional events
and memories and involves the orbitofrontal cortex (OFC),
anterior cingulate cortex (ACC), amygdala, and insula [10].
We also noted that increased cerebral blood volume (CBV)
in the ACC and the OFC reflected a functional reorganiza-
tion of the emotion-related pain network in patients with
phantom limb pain [11].

Diffusion tensor imaging (DTI) is an advanced magnetic
resonance imaging (MRI) technique that can identify
alterations to the white matter tract and quantifies these
changes according to fractional anisotrophy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial diffu-
sivity (RD) indices. Pathologic findings on white matter
injury, whether axonopathy or myelinopathy, also can be
inferred from DTI indices [12,13]. We hypothesized that
patients with phantom limb pain after amputation would
have changes not only in the gray matter but also in the
white matter. In the present study, we therefore aimed to
analyze DTI data to identify the white matter link to the
pain network in the same subjects who participated in our

Table 1. Demographic and Clinical Characteristics of Participants

previous CBV study [11].

MATERIALS AND METHODS
1. Participants

This was an exploratory case-control study. We used the
DTI data acquired at the time of CBV MRI in our previous
study [11]. Thus, ten patients with phantom limb pain (43.8 +
3.4 yr, range: 37-48 yr, 1 woman) and sixteen age- and sex-
matched healthy controls (41.7 £ 2.2 yr, range: 39-46 yr,
7 women) participated. The mean duration of phantom
limb pain was 44.8 + 35.1 months (range: 16-115 mo). Their
demographic and clinical data are summarized in Table 1.
Written informed consent was obtained from all partici-
pants in accordance with the Declaration of Helsinki and
its later amendments, and the Institutional Review Board
of Hallym University Sacred Heart Hospital approved the
study (IRB No. 2013-106, 2014-1079).

Participants were required to meet the following in-
clusion criteria: (1) were aged less than 50 years, (2) had
undergone amputation of a unilateral upper limb after
electrical injury, (3) had suffered from phantom limb pain
for longer than 12 months, and (4) had uncontrolled pain
despite medication and physical therapy. Participants
were excluded from the study if any of the following crite-
ria were met: (1) phantom limb sensation, (2) residual limb
pain, (3) pain resulting from other causes and confirmed
by imaging, (4) other forms of persistent pain lasting more
than three months, (5) a history of cardiac arrest due to
electrical injury, (6) a history of brain disease or surgery, (7)

) Upper limb Duration of phantom  VAS of phantom
Variable Age () Sex amputation (%) limb pain (mo) limb pain HDRS MMSE-K
Patients (n = 10) 43 M 100 40 10 25 30
44 M 9 19 7 27 28
48 M 46 22 5 23 23
45 M 41 19 3 18 28
39 M 43 18 4 17 29
47 M 45 115 7 0 28
44 M 17 16 7 30 30
45 F 94 61 7 26 27
46 M 43 95 3 6 27
37 M 12 43 7 23 28
43.8+3.4 9:1° 45.0+30.1 448 +35.1 6.0+2.2 19.5+9.6 278+ 2.0
Controls (n = 16) 41.7+2.2 9:7° N/A N/A N/A 29+3.6 289+ 1.6
Pvalue 0.103 0.352 <0.001 0.145

Values are presented as number only or mean + standard deviation.

VAS: visual analogue scale, HDRS: Hamilton depression rating scale, MMSE-K: mini mental state examination (Korean version), M: male, F: female, N/A:

not applicable.
M:F.
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the presence of a cardiac pacemaker, and (8) pregnancy.

2. Clinical assessment

The percentage of amputation was calculated using the
following formula:
(non-amputated arm length - residual limb length) /
(non-amputated arm length) x 100

where the non-amputated arm length was defined as the
distance between the acromion and third fingertip of the
non-amputated arm. Participants were asked to describe
the average intensity of phantom limb pain over the last
week using the visual analogue scale (VAS). Depressive
mood was assessed using the previously validated Korean
version of the Hamilton depression rating scale (HDRS)
[14]. Cognitive function was assessed using the Korean
version of the Mini Mental State Examination (MMSE-K).
Both HDRS and MMSE-K were administered to all partici-
pants by a single licensed psychologist. VAS, HDRS, and
MMSE-K assessments were administered on the same day
that the MRI was obtained.

3. Acquisition and analysis of DTI data

Diffusion-weighted MRI data were obtained using a 1.5T
MRI scanner (MAGNETOM Sonata'"; Siemens, Erlangen,
Germany). For each participant, 13 images comprising 12
images with high diffusion weighting (b value = 1,000 sec/
mm?) and one with no diffusion weighting (b value = 0 sec/
mm?®) were acquired with a single-shot diffusion- weighted
echo planar imaging sequence. Each image included 39
axial slices with the following parameters: repetition time,
6,600 msec; echo time, 96 msec; section thickness, 4.4 mm;
no intersection gap; plane resolution, 1.8 mm x 1.8 mm;
matrix, 128 x 128; field of view, 230 mm x 230 mm.

Preprocessing and diffusion tensor modeling were per-
formed with the FDT v3.0 software that was included in
the functional MRI of the brain (FMRIB) software library
(FSL; http://fsl.fmrib.ox.ac.uk/fsl/). Each of the partici-
pants’ 13 images was first realigned to the image with
no diffusion weighting to correct for distortions induced
by eddy currents and simple head motion. At each voxel
within the whole-brain mask created by excluding non-
brain tissue, we fit a diffusion tensor model and computed
diffusion tensor-derived parameters (the “derived mea-
sures”). These derived measures were the FA, MD, AD, and
RD. Given the three diffusivities along different axes of the
diffusion tensor, FA was calculated as reflecting diffusiv-
ity differences between the three axes; MD, as the average
diffusivity across the three axes; AD, as the greatest dif-
fusivity along the principal axis; and RD, as the average of
the diffusivities along two minor axes.

www.epain.org

We flipped the images used for the derived measures
around the mid-sagittal axis for patients who underwent
amputation of the left upper limb, allowing the ampu-
tated upper limb to be uniformly connected with the left
hemisphere in each patient. Then, for voxel-wise statisti-
cal analyses of the derived measures, we utilized a tract-
based spatial statistics (TBSS) approach [15], which was
implemented in FSL. For the FA images of individual par-
ticipants, TBSS was performed by (1) collecting the images
from the two groups, (2) applying nonlinear registration
of all images into the standard space (FMRIB58_FA image
in FSL), (3) aligning the images to create an alignment-
invariant tract representation (mean FA skeleton), and (4)
projecting the FA images of individual participants onto
the mean FA skeleton. For the images of the other derived
measures, information acquired from nonlinear registra-
tion and skeletonization of the FA images was employed,
such that the MD, AD, and RD images of each participant
were projected onto the mean FA skeleton.

4, Statistical inference

Age, HDRS, and MMSE-K scores were compared between
the groups using independent t-tests. Sex distribution was
compared between the study groups using Pearson’s chi-
squared test. Spearman correlation tests were used to ana-
lyze relationships between pain severity (VAS score) and
potentially contributing factors, including age, upper limb
amputation percentage, phantom limb pain duration, and
HDRS and MMSE-K scores. All statistical analyses of the
demographic and clinical data of the participants were
conducted using IBM SPSS Statistics ver. 20.0 (IBM Corp.,
Armonk, NY).

For each derived measure, the images projected onto
the mean FA skeleton were fed into voxel-wise analyses to
examine differences in values between the patients and
controls. Also, for each derived measure, associations
between derived and clinical measure values, including
the percentage of amputation, duration of phantom limb
pain, and VAS scores, were assessed. Given that HDRS
scores were much higher in patients than in controls (t,, =
6.2946, P < 0.0001), and given that individual differences in
the severity of depression may affect both the white mat-
ter microstructure [16] and pain [17], HDRS scores were
included as a nuisance covariate in the statistical models.
That is, HDRS scores as well as ages and sexes were in-
cluded as columns of a design matrix for the general linear
model, and contrast values of zero were applied to those
covariates so that their effects on derived measures were
corrected for. Statistical inferences were made by employ-
ing the nonparametric permutation method implemented
in the randomized routine of FSL [18]. As mass univariate
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analyses were performed for 85,901 voxels on the mean
FA skeleton, significant differences and associations were
determined via the threshold-free cluster enhancement
approach [19] at a P value of 0.05, corrected for multiple
comparisons across the voxels.

RESULTS
1. Alterations in the derived measures

When the HDRS scores were included as a nuisance co-
variate in the statistical models, patients showed higher
AD values compared with the healthy controls. The white
matter structures, associated with the altered AD values
in patients, comprised the internal capsule, posterior tha-
lamic radiation, sagittal striatum, corona radiata, external
capsule, superior longitudinal fasciculus, superior fronto-
occipital fasciculus, and fornix in both hemispheres (Fig. 1,
Table 2). The distribution of altered white matter struc-
tures was symmetric over the two hemispheres: 50.2%
in the hemisphere associated with the missing hand and
49.8% in the hemisphere associated with the intact hand.
There were no differences in the FA, MD, or RD values be-
tween the patient and control groups.

2. Pain correlates of the derived measures

When the HDRS scores were included as a nuisance co-
variate, the RD values of patients correlated positively
with the VAS scores, specifically across white matter struc-
tures such as the corpus callosum (between hemispheres)
and the corona radiata, superior longitudinal fasciculus,
splenium, cingulum, and posterior thalamic radiation
(mainly in the hemisphere associated with the missing
hand) (Fig. 2, Table 3). Indeed, when we counted the num-
ber of statistically significant voxels included in individual
hemispheres, the distribution of white matter structures
was weighted toward the hemisphere associated with the
missing hand, with 84.5% in the hemisphere connecting to

Korean J Pain 2019;32(4):271-279

the missing hand and 15.5% in the hemisphere connecting
to the intact hand. No associations were observed for the
other derived measures.

Table 2. Labels of White Matter Structures in Which the Axial Diffusivity
Values Were Higher in Patients with Phantom Limb Pain than in Healthy
Controls

) Maximum Ratio
White matter label (M or 1) P value
t value (%)

Internal capsule: posterior limb (1) 5.3556 0.0302 4.39

Internal capsule: retrolenticular part (1) 5.2337 0.0248 6.99
Posterior thalamic radiation (1) 51886 0.0309 1.64
Sagittal stratum (1) 49710 0.0297 1.06
Posterior corona radiata (1) 45636 0.0255 3.36
Internal capsule: retrolenticular part (M) 43740 0.0375 4.95

43461 0.0288 7.16
42598 0.0375 7.38

Superior corona radiata (1)
Internal capsule: posterior limb (M)

Internal capsule: anterior limb (1) 41947 0.0334 5.28
Superior corona radiata (M) 41803 0.0318 7.50
Anterior corona radiata (1) 41717 0.0288 5.22
External capsule (1) 41030 0.0310 4.22
Anterior corona radiata (M) 3.9630 0.0380 5.99
Posterior corona radiata (M) 3.9455 0.0387 3.41
Cerebral peduncle (M) 3.6441 0.0408 0.34
Internal capsule: anterior limb (M) 35877 0.0391 1.62

33355 0.0413 1.13
3.2983 0.0392 0.24
29620 0.0340 0.17

Superior longjtudinal fasciculus (M)
External capsule (M)
Superior fronto-occipital fasciculus (M)

Superior fronto-occipital fasciculus (1) 28277 0.0352 0.52
Fornix (1) 2.7395 0.0310 0.14
Fornix (M) 25467 0.0439 0.03
Sagittal stratum (M) 22593 0.0471 0.27
Posterior thalamic radiation (M) 22510 0.0497 0.03

22090 0.0405 0.07
1.9822 0.0334 0.02
1.9583 0.0472 0.08
1.7390 0.0448 0.12

Corpus callosum: genu

Tapetum (1)

Superior longitudinal fasciculus (1)
Corpus callosum: splenium

M: hemisphere associated with missing hand, I: hemisphere asso-ciated
with intact hand.

Fig. 1. Mapping of axial diffusivity (AD)
in patients vs. controls. The images show
the distributions of white matter struc-
tures in which the AD values were higher

| in patients with phantom limb pain than
in healthy controls without pain, adjusted
for depressive symptoms. A: anterior,
P: posterior, S: superior, In: inferior, I:
hemisphere associated with intact hand,
M: hemisphere associated with missing
hand.
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Table 3. Labels of White Matter Structures in Which the Radial Diffusivity
Values Were Positively Correlated with VAS Scores in Patients with Phan-
tom Limb Pain

White matter label (M or 1) Maximum P value Ratio
t value (%)

Corpus callosum: genu 84339 0.0401 8.90
Corpus callosum: body 8.3724 0.0395 15.49
Posterior corona radiata (M) 6.9882 0.0415 5.04
Anterior corona radiata (M) 4.8528 0.0416 9.63
Superior corona radiata (M) 48373 0.0370 727
Superior longjtudinal fasciculus (M) 3.6407 0.0420 5.20
Corpus callosum: splenium 3.2276 0.0427 0.64
Anterior corona radiata (1) 2.7363 0.0473 153
Cingulum (M) 1.7956  0.0423 0.64
Superior corona radiata (1) 1.4948 0.0488 0.28
Posterior thalamic radiation (M) 0.1688 0.0427 0.04

VAS: visual analogue scale, M: hemisphere associated with missing
hand, I: hemisphere associated with intact hand.

3. Discrimination of RD and AD measures

The volume of white matter where the AD was different
between two groups (Fig. 1) was 5,923 mm’, and the vol-
ume of white matter where the RD was correlated with
the VAS scores (Fig. 2) was 4,965 mm®. Because the two
derived measures of group comparison (Fig. 1) and of pain
correlates (Fig. 2) were widespread in the hemispheres,
we further discriminated the regions in which the two
derived measures were overlaid. An overlapping area was
identified in the corona radiata and had a volume of 155 mm?®,
corresponding to 2.6% and 3.1% of volumes 1 and 2, re-
spectively. Therefore, there was only minimal white mat-
ter in the corona radiata where the two derived measures
intersected.

DISCUSSION

In this study we performed brain DTI analysis to examine
the white matter features of patients with phantom limb

Www.epain.org

Fig. 2. Mapping of radial diffusivity (RD)
correlates by phantom limb pain severity
in the patient group. The distribution of
white matter structures in which RD val-
ues were positively correlated with visual
| analogue scale scores in patients with
phantom limb pain, when the Hamilton
depression rating scale scores were in-
cluded as a nuisance covariate. A: anterior,
P: posterior, S: superior, In: inferior, I: hemi-
sphere associated with intact hand, M:
hemisphere associated with missing hand.

pain after unilateral arm amputation. To our knowledge,
this study is the first to show white matter alterations in
the pain network induced by phantom limb pain. More-
over, this analysis of structural connectivity by DTI com-
plements our previous study, proving that CBV change was
associated with the emotional domain of the pain network
in these patients [11].

DTI can be used to analyze white matter integrity
and connectivity, effectively reconstructing the three-
dimensional distribution of the white matter pathways [1].
DTI parameters MD, AD, RD, and FA are derived from the
three eigenvalues (), A,, and A;) calculated after generat-
ing the diffusion tensor from a series of diffusion-weighted
images [20]. In turn, these DTI measures are highly sensi-
tive to white matter pathology, and specific changes in
these measures can be used to characterize the tissue mi-
crostructure [21]. A decrease in FA value indicates a loss of
white matter integrity [21]. AD can be used to assess axonal
function [22]. Increased RD is associated with demyelin-
ation, neuroinflammation with edema, or macrophage
infiltration [23-25].

In this study, changes in the AD and pain correlates
of the RD indicated significant structural connectivity
changes in the white matter of patients with phantom
limb pain. There are two broad considerations; first, pa-
tients with phantom limb pain had broad white matter
deterioration, as reflected by the increased AD values and
preserved RD values in the voxels of both hemispheres
compared with those of controls. White matter injury is
generally associated with increased AD and RD values,
with the latter typically being more pronounced than
the former [26]. Alterations in AD vary with the type of
disease and its status, being reported to decrease over
time in Huntington'’s disease [27], unchanged in amyo-
trophic lateral sclerosis [28], and increase in aging [29],
Huntington'’s disease [30,31], Alzheimer’s disease [32,33],
Friedreich’s ataxia [26], human immunodeficiency virus
infection [34], and Gulf War illness [35]. The increase in AD
value may represent increased extracellular water content
secondary to axonal atrophy as a result of chronic injury,
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contrasting with decreased AD observed in acute injury
[34]. Given that durations of phantom limb pain were 16
to 115 months, we conclude that the examination was suf-
ficiently long enough after amputation for the AD to have
increased for this reason. But it should also be noted that
explanations about elevated AD may not be thorough, due
to the technical limitations of DTI, although TBSS, as used
in this study, has been presented as an approach for im-
proving the sensitivity of DTI derived measures.

There is a need to discuss whether increased AD was
associated with phantom limb pain or other conditions
involved after amputation, because we did not enroll
amputees without phantom limb pain as a control group.
To exclude the effects of other conditions on the pain net-
work, we examined the depressive mood and cognitive
function, and given that HDRS scores were much higher in
patients than in controls and that individual differences in
the severity of depression may affect both the white mat-
ter microstructure [16] and pain [17], HDRS scores were
included as a nuisance covariate in the statistical models,
and we found the diffuse and symmetric increase of AD in
the bilateral hemisphere. Considering the white matters
in which AD increased, the pain and motor networks were
involved; therefore, phantom limb pain as well as missing
motion following amputation may have affected the diffu-
sivity change in the brain.

Previous studies have indicated that white matter
change was induced in the corpus callosum [36,37] and
bilateral hemispheres [38], even in unilateral limb ampu-
tation patients without phantom limb pain. The corpus
callosum showed increased diffusivity and decreased FA
in unilateral leg amputees compared with those in healthy
controls [36,37]. Jiang et al. [38] demonstrated that uni-
lateral leg amputees exhibited decreased FA in the white
matter underlying the premotor cortex of the contralateral
hemisphere to the amputation. In addition, the amputees
also showed a decreased FA in the superior corona radiata
and white matter regions underlying the temporal lobe
of the ipsilateral hemisphere to the amputation. These
studies suggest that unilateral limb amputation without
phantom limb pain can lead to changes in the bilateral
hemispheres through interhemispheric interactions.

The RD values were positively correlated with pain se-
verity in the corpus callosum and white matter in the con-
tralateral hemisphere to the missing hand. We confirmed
that there was a little overlap between the white matter in
which AD values increased and that in which RD values
correlated with pain severity. We examined the percent-
age of amputation and the duration of phantom limb pain,
in addition to pain intensity, and found that only pain
intensity was related with increased RD values in the cor-
pus callosum and white matter in the contralateral hemi-

Korean J Pain 2019;32(4):271-279

sphere to the missing hand. Therefore, it is reasonable to
assume that phantom limb pain was associated with white
matter integrity in the corpus callosum and the contralat-
eral hemisphere to the missing hand.

Chronic pain and white matter in the brain are related,
with typical examples being that central demyelinat-
ing disorders like multiple sclerosis [39] and trigeminal
neuralgia [40] often induce pain. Moreover, chronic pain
originating from organs other than the brain can induce
various changes in white matter diffusivity. For example,
patients with chronic recurring visceral pain from irritable
bowel syndrome have been shown to display differential
changes in the axons and myelin of the pain network [41].
In this study, patients had lower FA values in the thalamus,
basal ganglia, and sensory/motor association regions, as
well as higher FA values in the frontal lobe and corpus cal-
losum. Patients also had reduced MD values in the globus
pallidus, and increased MD values in the thalamus, inter-
nal capsule, and corona radiata. In patients with fibromy-
algia, FA and MD have been reported to change unevenly
in pain network structures [42,43]. Together, these find-
ings suggest that it is reasonable to assume that chronic
pain induces white matter changes, and includes both
axonopathy and myelinopathy in various brain areas.

The patterns of increased diffusivity, and the correlation
between diffusivity and pain intensity, were very similar
with a previous CBV study [11]. We observed increased
CBV in the ACC and OFC of both hemispheres regardless
of the amputation side, which are regions associated with
emotion in the cerebral pain network. We concluded that
phantom limb pain following unilateral arm amputation
was associated with plasticity of both the cortex and the
linking white matter in the pain networks of both hemi-
spheres. In addition, correlations between pain severity
and CBV occurred in the ACC and OFC of the hemisphere
connected to the missing hand. White matter changes
identified in the present study could offer clues to the
mechanism underlying the CBV changes observed in our
previous case-control study of the same participants [11].

In that study, we did not investigate the changes in
patients who had undergone amputation following both
electrical and non-electrical injury, making it difficult to
determine whether the observed changes in CBV were
induced by electrical injury or phantom limb pain. How-
ever, the present results indicate that the changes in CBV
were probably related to the phantom limb pain, as with
the white matter change. Given the findings of the present
DTI study and the previous CBV study, we considered that
phantom limb pain was associated with diffuse changes
in the pain network, and that these changes might have
been the origin of the intractable pain experienced by our
patients.

https://doi.org/10.3344/kjp.2019.32.4.271
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This study had several limitations. First, this study was
supplementary to our previous CBV study, so was also
limited by the small sample size (ten patients). This made
it difficult to identify patients with homogenous amputa-
tion characteristics, and will have weakened the statistical
power. However, the current study does take a promising
new step in improving our understanding of the mecha-
nisms underlying phantom limb pain. Future studies
should include a larger sample and should seek to demon-
strate simultaneous changes in the gray and white mat-
ter with improved accuracy. Second, the authors assume
that white matter changes were related with the phantom
limb pain; however, we did not include amputees without
phantom limb pain as a control group. We tried to exclude
factors associated with amputation that may have effect on
brain plasticity; however, there is a still a possibility that
any factor had an effect on the increased white diffusivity.
The third limitation is concerned with the acquisition of
DTI data in this study, specifically a low magnetic field,
large slice thickness, and a small number of diffusion
directions. These limitations contrast with recent stud-
ies using DTI data and may have impaired our ability to
extract sufficient directional information from the white
matter. The fourth limitation is the small possibility that
opioid-induced neurotoxicity might have had an effect on
the white matter diffusivity. Though, some patients in this
study were taking an opioid (oxycodone, maximal dose:
80 mg/day or hydrocodone, maximal dose: 30 mg/day) for
pain control, the opioid-induced neurotoxicity tends to
occur in frail older adults and those with renal failure. A
patient who has been receiving a stable dose of an opioid
is unlikely to develop opioid-induced neurotoxicity unless
dehydration, infection, or a drug interaction has precipi-
tated it [44].

In conclusion, we suggest that structural changes in
the neural networks were consequences of phantom limb
pain, manifesting as changes in the diffusivity of the pain
network. The clinical significance of this study is that we
need to consider central mechanisms for the treatment
of phantom limb pain, particularly not only the cerebral
hemisphere connected to the missing hand but also the
cerebral hemisphere connected to the intact hand, be-
cause the phantom limb pain after unilateral arm ampu-
tation induced structural changes in the white matter of
the bilateral hemisphere. For example, repetitive transcra-
nial magnetic stimulation has been used to treat central
neuropathic pain by modulating the pain network in brain
[45]. Neural network modulation is determined by specific
stimulation frequencies; low frequency stimulation of less
than 1 Hz produces inhibition, whereas high frequency
stimulation of more than 5 Hz produces excitation. There-
fore, if we apply repetitive transcranial magnetic stimula-
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tion for the treatment of phantom pain, we will have to
consider complex mechanisms, including which hemi-
sphere should be stimulated and whether the hemisphere
be inhibited or stimulated. In an upcoming study, we aim
to examine DTI-MRI and CBV-MRI in patients with phan-
tom limb pain after bilateral arm amputation to compare
the differences between unilateral and bilateral pain
network activation. This may provide further insights into
the changes in the pain network after ceasing sensory and
motor inputs.
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