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A B S T R A C T

Prior studies have shown that patients suffering from chronic Low Back Pain (cLBP) have impaired somatosensory
processing including reduced tactile acuity, i.e. reduced ability to resolve fine spatial details with the perception
of touch. The central mechanism(s) underlying reduced tactile acuity are unknown but may include changes in
specific brain circuitries (e.g. neuroplasticity in the primary somatosensory cortex, S1). Furthermore, little is
known about the linkage between changes in tactile acuity and the amelioration of cLBP by somatically-directed
therapeutic interventions, such as acupuncture. In this longitudinal neuroimaging study, we evaluated healthy
control adults (HC, N ¼ 50) and a large sample of cLBP patients (N ¼ 102) with structural brain imaging (T1-
weighted MRI for Voxel-Based Morphometry, VBM; Diffusion Tensor Imaging, DTI) and tactile acuity testing
using two-point discrimination threshold (2PDT) over the lower back (site of pain) and finger (control) locations.
Patients were evaluated at baseline and following a 4-week course of acupuncture, with patients randomized to
either verum acupuncture, two different forms of sham acupuncture (designed with or without somatosensory
afference), or no-intervention usual care control. At baseline, cLBP patients demonstrated reduced acuity (greater
2PDT, P ¼ 0.01) over the low back, but not finger (P ¼ 0.29) locations compared to HC, suggesting that chronic
pain affects tactile acuity specifically at body regions encoding the experience of clinical pain. At baseline, Gray
Matter Volume (GMV) was elevated and Fractional Anisotropy (FA) was reduced, respectively, in the S1-back
region of cLBP patients compared to controls (P < 0.05). GMV in cLBP correlated with greater 2PDT-back
scores (ρ ¼ 0.27, P ¼ 0.02). Following verum acupuncture, tactile acuity over the back was improved (reduced
2PDT) and greater improvements were associated with reduced S1-back GMV (ρ ¼ 0.52, P ¼ 0.03) and increased
S1-back adjacent white matter FA (ρ ¼ �0.56, P ¼ 0.01). These associations were not seen for non-verum control
interventions. Thus, S1 neuroplasticity in cLBP is linked with deficits in tactile acuity and, following acupuncture
therapy, may represent early mechanistic changes in somatosensory processing that track with improved tactile
acuity.
, diffusion tensor imaging; GM, gray matter; S1, primary somatosensory cortex; 2PDT, two-point discrimination
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1. Introduction

Chronic low back pain (cLBP) is a leading cause of disability and
continues to be a major burden for many public health systems (Balague
et al., 2012). Multiple studies have characterized altered sensory pro-
cessing in cLBP patients (Meints et al., 2019), including reduced tactile
acuity (Moseley et al., 2008; Wand et al., 2010; Luomajoki and Moseley,
2011; Adamczyk et al., 2018). While cortical reorganization is hypoth-
esized to be a mechanism supporting reduced tactile acuity in cLBP, this
has not been empirically demonstrated to date.

Tactile acuity is typically assessed via behavioral perceptual testing,
such as with two-point discrimination threshold (2PDT), defined as the
distance between two tactile stimulation sources at which the subject
perceives two stimuli instead of one (Catley et al., 2014; Godde et al.,
2000). Greater 2PDT is a proxy for reduced tactile acuity. In cLBP pa-
tients, impaired tactile acuity may present alongside preserved tactile
sensory threshold (Wand et al., 2010). Although tactile acuity is partially
dependent on peripheral nervous system and spinal cord organization
(e.g. innervation density and receptive field size) (Vallbo and Johansson,
1984), it is also linked with cortical representations in the brain’s pri-
mary somatosensory cortex (S1) (Moseley et al., 2008; Wand et al., 2013;
Catley et al., 2014). Interestingly, increased 2PDT, particularly over the
lower back, has been linked with both clinical low back pain and the
fidelity of cortical representation maps within S1 (Lotze and Moseley,
2007; Wand et al., 2010). Furthermore, a recent meta-analysis across 19
studies, with varying 2PDT protocols, demonstrated that lumbar tactile
acuity was reduced in cLBP patients (Adamczyk et al., 2018).

Impaired tactile acuity in chronic pain patients might be improved
following targeted interventions that relieve clinical pain, for instance
following tactile discrimination training (Pleger et al., 2005; Moseley
et al., 2008). In such training, the participant is asked to report the fre-
quency, location, or type of stimulation, and feedback is given. Another
somatosensory-based intervention has been training-independent sen-
sory learning, wherein repetitive tactile stimuli are delivered to multiple
regions with variable synchrony and frequency (Kalisch et al., 2007;
Ragert et al., 2008). Both methods have been suggested to improve
tactile acuity via cortical reorganization (Flor et al., 2001; Hoffken et al.,
2007; Freyer et al., 2012).

In fact, non-pharmacological therapies have been gaining increasing
attention for cLBP due to the mounting costs of the opioid epidemic in
countries such as the United States (Volkow and McLellan, 2016) and
elsewhere, and the evidence base for therapies such as acupuncture, is
growing, particularly for cLBP (Cherkin et al., 2009; Berman et al., 2010;
Liu et al., 2015). Themechanisms by which acupuncture reduces LBP and
modulates sensory processing in cLBP patients remains unknown. While
multiple brain-based mechanisms of action for acupuncture have been
proposed, a possible mechanism for cLBP may involve neuroplasticity in
somatosensory pathways, and manifest in improvements in tactile acuity.
Interestingly, acupuncture coupled with needle-based sensory discrimi-
nation training has been found to enhance back pain reduction in cLBP
(Wand et al., 2013). However, it is not known if acupuncture itself, as
training-independent somatosensory stimulation, can similarly modulate
tactile acuity and S1 organization or microstructure in cLBP.

Importantly, S1 neuroplasticity following acupuncture has been
documented for other chronic pain disorders using non-invasive neuro-
imaging techniques. For instance, carpal tunnel syndrome patients
demonstrate altered S1 cortical representations and S1-adjacent white
matter microstructure in the hand representation region (Napadow et al.,
2006; Dhond et al., 2012; Maeda et al., 2014). Previous neuroimaging
studies have shown that other chronic pain disorders also demonstrate
altered brain structure in S1, as well as other pain-related brain areas
(As-Sanie et al., 2012; Kong et al., 2013; Kregel et al., 2015; Ung et al.,
2014). Following acupuncture, such maladaptive neuroplasticity showed
improvement, and was linked with improved pain and/or peripheral
nerve conduction latency (Napadow et al., 2007; Maeda et al., 2017).
Although acupuncture-induced neuroplasticity had been reported for
2

neuropathic pain disorders such as carpal tunnel syndrome, similar
outcomes have not been reported for cLBP.

In this longitudinal neuroimaging study, we evaluated healthy control
(HC) adults and cLBP patients with structural brain imaging and tactile
acuity testing. Patients were evaluated at baseline and following a 4-
week course of acupuncture therapy, with patients randomized to
either verum, two different forms of sham acupuncture (with or without
somatosensory afference), or no-intervention usual care control. We
hypothesized that cLBP patients would demonstrate reduced tactile
acuity and altered S1 structure compared to HC, and that 2PDT would be
correlated with white- and gray-matter structural metrics for cLBP. We
also hypothesized that verum, but not sham, acupuncture would improve
tactile acuity, and that post-therapy structural S1 neuroplasticity would
be associated with improvements in tactile acuity.

2. Materials and methods

We completed a single-center, single-blinded, placebo controlled,
randomized parallel-group longitudinal neuroimaging study, preregis-
tered with ClinicalTrials.gov (NCT01598974). The study took place at
the Athinoula A. Martinos Center for Biomedical Imaging, Department of
Radiology, Massachusetts General Hospital (MGH), in Boston, MA from
January 2012 to October 2017. All study protocols were approved by
MGH and Partners Human Research Committee and all subjects provided
written informed consent. All procedures were in accordance with the
Helsinki Declaration of 1975, as revised in 2008.

2.1. Subjects

Our study recruited cLBP patients for a randomized controlled trial
with the following inclusion criteria: 1) aged 18–60 years, 2) cLBP
meeting Quebec Task Force Classification System categories I-II (i.e.,
patients were unlikely to have significant nerve root involvement, ste-
nosis, or mechanical instability (Abenhaim et al., 2000; Loisel et al.,
2002)) as confirmed by the study physician and/or review of medical
records with the use of previous x-ray reports, 3) duration of low back
pain longer than 6 months, and 4) severity of low back pain averaging at
least 4 on a 0–10 pain intensity scale (0: no pain, 10: most pain imag-
inable) over the past two weeks. Exclusion criteria for cLBP patients were
as follows: 1) back pain due to cancer, fracture, or infection, 2) constant
radicular pain radiating below the knee, 3) complicated chronic back
syndromes (e.g., prior back surgery, ongoing medicolegal issues), 4)
active self-reported substance abuse disorder in the past two years, 5)
major systemic or neuropsychiatric disease that may present as a
confound (e.g., severe fibromyalgia, rheumatoid arthritis, major psy-
chiatric disorders, psychosis, seizure disorder, severe cardiorespiratory
or nervous system diseases, etc.) 6) use of prescription opioids exceeding
60 mg morphine equivalents per day or steroids for pain, 7) acupuncture
contraindications (e.g., coagulopathy) or history of acupuncture treat-
ment, and 8) presence of typical contraindications for MRI scanning.
Healthy Controls (HC) aged 18–60 demographically matched to cLBP
patients were also enrolled, with exclusion criteria as for cLBP above, in
addition to any low back or other acute/chronic pain disorder.

2.2. Study Design

This study randomized cLBP patients to one of four parallel arms: 1)
verum acupuncture with acupuncture needles traditionally used in clin-
ical settings, 2) sham acupuncture with Streitberger needles (i.e., non-
penetrating acupuncture needles), 3) mock laser acupuncture as a form
of sham acupuncture control devoid of any somatosensory afference, and
4) no-treatment, usual care control (Supplementary Fig. 1). Behavioral
and MRI assessment was completed by eligible subjects at baseline and
following the intervention/usual care period (duration between assess-
ments was 7.0 � 2.7 weeks). Both experimenters and subjects were
blinded as to group allocation for the three intervention groups. HC
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subjects were similarly evaluated with behavioral and MRI assessments
for baseline comparisons. Data analyses used automated methods, blin-
ded to group allocation on the subject level.

For the three acupuncture intervention groups, subjects received 6
treatments over 4 weeks using a tapering schedule common to the clinic:
two treatments/week for 2 weeks; one treatment/week for 2 weeks. The
licensed and MGH-credentialed acupuncturists (J.G., and K.W., at least 3
years of clinical experience) were informed of group allocation at the first
treatment visit, and were not aware of details of behavioral and MRI
procedures completed by the patient. For the no-treatment control group,
cLBP subjects did not come in for study visits and continued their usual
care throughout the 4 weeks of the intervention period.

Subjects across all intervention groups lay prone on the acupuncture
table, as instructed by the acupuncturist. As visual input is known to
strongly modify pain (Longo et al., 2009), lying prone allowed patients to
receive no visual information of what the therapy consisted of, thus ac-
counting for confounds of different needles/devices used across the
intervention arms (described below).

For the verum acupuncture group, acupoint locations were selected
based on the standardized acupuncture protocol for cLBP (Cherkin et al.,
2009). These included seven acupoints commonly used for cLBP (GV-3,
BL-23 bilateral, BL-40 bilateral, KI-3 bilateral, see Supplementary Fig. 2),
combined with 2–3 bilateral ah-shi (tender by palpation) points over the
lower back/buttocks. All verum acupuncture needles (0.20–0.25 mm
diameter, 25–50 mm length, stainless steel; Asiamed) were inserted
10–40 mm deep, depending on location, and retained for 20 min, with
manual needle stimulation (2 Hz) via twirling at 10 min and again just
before needle removal.

For subjects randomized to the sham acupuncture group, the same
acupoints were used as for the verum group, thereby varying only one
aspect of treatment – skin penetration. Non-inserted Streitberger sham
needles were used (i.e. stimulation restricted to cutaneous levels).

For subjects randomized to the mock laser acupuncture group, a
deactivated laser acupuncture device (Vita-Laser 650, Lhasa OMS) was
held by the acupuncturist and waved over all of the previously defined
acupoints for at least 15 s per point, as the acupuncturist walked around
the prone-lying subjects. The subjects were introduced to the real laser-
acupuncture device and shown that although a laser light shines on the
skin it does not produce any sensation (therefore subjects did not expect
strong somatosensation during treatments). The goal of this intervention
arm was to include the ritualistic components of acupuncture without
any somatosensory afference to the body (Irnich et al., 2010). See Sup-
plementary Methods for more detail.

2.3. Clinical and behavioral outcomes

Eligible subjects participated in a baseline clinical/behavioral
assessment session prior to MRI sessions. The primary clinical outcome in
this study was low back pain bothersomeness over the past week; sec-
ondary clinical outcomes included the Patient-Reported Outcomes
Measurement Information System (PROMIS-29) scale (e.g., pain inter-
ference) (Cella et al., 2010).

In order to assess tactile acuity, we performed the two-point
discrimination threshold (2PDT) test for both HC and cLBP subjects.
We used a two-point aesthesiometer (Mitutoyo Digital Caliper, Mitu-
toyo), applied to the right lower back (over the erector spinae muscles,
medial to posterior superior iliac spine, and level with the lumbar
vertebrae) followed by testing at a non-painful control site, the right
index finger (middle phalanx and palmar surface). Subjects’ eyes were
closed throughout 2PDT testing. As in previous studies (Moseley et al.,
2008; Wand et al., 2010; Luomajoki and Moseley, 2011), subjects
completed a series of ascending (in which the two points of the aesthe-
siometer are initially adjacent) and descending (in which the two points
of the aesthesiometer are initially far apart) trials in which they indicate
whether they “feel one or two points” when the stimulus is applied. The
results of ascending and descending trials were then averaged to
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calculate the two-point discrimination threshold (2PDT). See our previ-
ous publication (Meints et al., 2019) for more detail.

2.4. MRI outcomes

2.4.1. S1 fMRI localization for ROI definition
For Region of Interest (ROI) analyses, we needed to localize the S1

representation for the low back and finger. We conducted an event-
related fMRI localizer scan on a 3.0 T Skyra (Siemens Medical, Erlan-
gen, Germany) equipped with 32-channel head coil at the Athinoula A.
Martinos Center for Biomedical Imaging, Massachusetts General Hospi-
tal. BOLD fMRI data were collected with the following parameters: TR/
TE¼ 3000/30 ms; 44 tilted axial slices; voxel size¼ 2.6� 2.6� 3.1 mm;
80 volumes (4 min) per scan run. Nociceptive afference was provided by
electrical stimulation delivered to the right lower back and right fingers
(2nd and 3rd digits) using MR-compatible Ag/AgCl electrodes. For each
fMRI scan, electrical stimuli at 25 Hz were applied in randomized order
for 13 2-s duration trials with individually-tailored current intensity to
evoke 40/100 pain (applied current intensity¼ 3.5� 2.9 mA for a rating
of 40 out of 100 [i.e. p40], 0¼ “no pain”, 100¼ “most pain imaginable”)
and 13 identical-duration blocks individually-tailored to evoke 7/10
moderate but not painful sensation (1.5 � 1.4 mA for a rating of 7 out of
10 [i.e. not painful, p0], 0¼ “no sensation”, 10¼ “on the verge of pain”),
with inter-trial intervals ranging from 6 to 12 s. Two 4-min fMRI scan
runs for each body region were completed and separate group activation
maps for right low back and finger stimulation were acquired (see Sup-
plementaryMethods, and our previous publications (Kim et al., 2019; Lee
et al., 2019) for more detail). Localization of S1 representations of the
low back and finger (S1-back/finger mask) was then determined by the
intersection of group maps (z > 2.3), and the Juelich probabilistic atlas
for the 3b/1 areas (>25%) (Eickhoff et al., 2005). Previous somatotopy
fMRI studies demonstrated that for S1, the 3b/1 area shows higher
selectivity for different digits (Martuzzi et al., 2014; Nelson and Chen,
2008). Thus, we used a mask of the S1 3b/1 area for focusing our ana-
lyses of the brain structural correlates associated with tactile acuity.
These masks were used as ROIs for VBM analyses, andmasks were dilated
by 1 voxel (fslmaths, FSL) to project onto the S1-adjacent white matter
skeleton for DTI analyses (see below).

2.4.2. Structural MRI acquisition
Structural MRI was performed on the same MRI scanner as above,

using a T1-weighted three-dimensional (3D) MEMPRAGE pulse sequence
with the following parameters: TR/TE1/TE2/TE3/TE4 ¼ 2530/1.69/
3.5/5.36/7.22 ms; flip angle ¼ 7�; voxel size ¼ 1 mm isotropic. For DTI
analyses, diffusion-weighted images were also obtained using a spin-echo
echo-planar imaging (EPI) sequence with the following parameters: TR/
TE ¼ 10300/85 ms; voxel size ¼ 2 mm isotropic. The DTI pulse sequence
used diffusion-sensitizing gradients with two different b-values - 600 s/
mm2 and 1200 s/mm2, applied along 30 non-collinear directions.

2.4.3. Structural image processing
Longitudinal VBM analyses used T1-weighted images, processed with

the Computational Anatomy Toolbox (CAT12 (Gaser and Schlaug, 2003))
and SPM12 (Ashburner and Friston, 2005). First, the initial alignment
between T1-weighted images at baseline and post-treatment time points
were conducted to yield the mean subject image, which was employed as
the reference image for bias-correction. Subsequently, the aligned images
were segmented into gray matter (GM), white matter (WM) and cere-
brospinal fluid (CSF) after signal inhomogeneities correction with regard
to the reference mean image. DARTEL was used with nonlinear regis-
tration to standard space, and intensity modulation was conducted using
the linear and non-linear components of the Jacobian determinant
derived from the deformation fields. The intracranial volume was
calculated by summing the volumes of the segmented gray matter, white
matter, and cerebrospinal fluid compartments. Finally, mean GM volume
for the S1-back and finger areas was calculated using the S1-back and



Table 1
Demographic and clinical/behavioral data.

Healthy controls
(N ¼ 50)

Low back pain
patients (N ¼ 102)

P-valuea

Age (years) 41.4 � 12.3 41.2 � 12.0 0.92
Sex (F/M) 34/16 58/44 0.17
2PDT-backb (cm) 3.37 � 1.54 4.21 � 1.63 0.01**
2PDT-fingerb (mm) 3.18 � 1.51 3.48 � 1.37 0.29
LBP duration (years) N/A 8.6 � 8.3 N/A
LBP bothersomeness N/A 5.4 � 2.1 N/A
PROMIS-Pain
interferencec

41.6 � 0.0 58.6 � 5.7 <0.0001**

PROMIS-Physical
functionc

56.4 � 2.7 42.9 � 5.6 <0.0001**

PROMIS-Anxietyc 45.9 � 6.3 49.7 � 8.5 0.02*
PROMIS-Depressionc 43.3 � 5.1 45.2 � 6.3 0.12
PROMIS-Fatiguec 39.9 � 6.1 50.9 � 9.0 <0.0001**
PROMIS-Sleep
disturbancec

41.3 � 6.0 52.2 � 8.2 <0.0001**

PROMIS-Social
satisfactionc

69.5 � 5.1 57.2 � 10.2 <0.0001**

Beck Depression
Inventoryc

1.7 � 3.6 5.4 � 5.9 0.001**

Pain Catastrophizing
Scalec

3.2 � 5.3 11.1 � 8.5 <0.0001**

Data are shown as mean � SD.
*P < 0.05; **P < 0.01.

a Student’s t-tests were used for the comparison between groups except the
comparison for sex distribution, where χ2 test was used.

b Data available for subset of subjects (HC, N ¼ 34; LBP, N ¼ 100).
c Data available for subset of subjects (HC, N ¼ 35; LBP, N ¼ 102).
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finger ROI mask defined above, within which the modulated GM in-
tensity was calculated.

For DTI, diffusion-weighted images were aligned to the b0 image
using affine registration, which serves to correct distortion due to eddy
currents. After removal of non-brain tissue, DTI metric maps (fractional
anisotropy, and mean, radial and axial diffusivity) were computed from
the diffusion-weighted images using FMRIB’s DiffusionToolbox (FDT,
FSL), which fits a diffusion tensor model to each voxel. We adopted a
longitudinal diffusion processing scheme based on TBSS similar to pre-
vious analyses (Douaud et al., 2009; Engvig et al., 2012). First, the initial
alignment between brain-extracted images at baseline and
post-treatment time points were conducted using FMRIB’s Linear Image
Registration Tool (FLIRT, degrees of freedom¼ 6), and both images were
resampled to a common space halfway between the two (Jenkinson et al.,
2002), which only requires a single registration per volume and thus
minimizes registration bias towards one of the two time points. Next, we
averaged the two registered fractional anisotropy maps to generate a
subject-wise mid-space template, and images were aligned to the
FMRIB58_FA template using FMRIB’s Nonlinear Registration Tool (Jen-
kinson et al., 2012). The mean fractional anisotropy map was thinned
and thresholded at fractional anisotropy >0.2 to generate a white matter
tract skeleton representing the center of the tracts common to all subjects
(Smith et al., 2006). Each image was warped to the standard MNI space
using these transformations, and skeletonized after spatial smoothing
(full-width at half-maximum ¼ 4 mm). The S1-adjacent white matter
skeleton for back/finger cortical representations was defined using the
projection of the dilated S1-back/finger mask defined above onto the
mean fractional anisotropy (FA) skeleton. Notably, this mask did not
include the superior longitudinal fasciculus, located medial to
S1-adjacent U-fibers, as it is difficult to interpret fractional anisotropy in
areas with high crossing-fiber density (Douaud et al., 2011).

2.5. Statistical analyses

To compare data between cLBP and HC, we used Student’s t-tests. To
investigate associations between variables, Spearman’s correlation was
used, while comparisons between correlation strengths were assessed
using the Cocor tool (R Statistical Package, R-Core-Team, 2012, based on
Steiger’s procedure and Fisher’s r-to-z transformation (Steiger, 1980;
Diedenhofen and Musch, 2015)).

To test for baseline differences across intervention arms in LBP
bothersomeness, PROMIS-29 pain interference, and 2PDT, ANOVA was
used. For assessment of post-therapy change in LBP bothersomeness,
PROMIS-29 pain interference, and 2PDT, an ANOVA or ANCOVA was
performed, where the baseline values served as a covariate if significant
group baseline differences existed. As previous studies have found that
%-change scores, which effectively normalize difference scores by
baseline value, are less sensitive to baseline differences than absolute
difference scores (Farrar et al., 2001; Jensen et al., 2003; Hanley et al.,
2006), group difference analyses used %-change scores for 2PDT and
pain. We also used a one-sample t-test to evaluate whether each group
independently improved on the tactile acuity measure (2PDT), as group
differences may exist without a significant change from nil for any in-
dividual group.

In order to assess change of GM volume or FA in S1-back and S1-
finger regions, repeated measures ANOVA was performed over time
points and two hemispheres and across intervention arms, using the
Greenhouse-Geisser correction for sphericity when appropriate. Previous
lesion studies of tactile perception and spatial attention showed that
hemispheric dominance or asymmetry can affect cognitive processing,
which may have played a role in 2PDT test results. For instance, prior
research has demonstrated that deficits in right hemisphere affected
tactile perception and spatial attention more than deficits in left hemi-
sphere (Benton et al., 1973; Mapstone et al., 2003). Thus, we also
considered the left/right hemisphere as a factor in these analyses. For GM
regional volume and FA analyses, age-, sex-, and intracranial
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volume-adjusted volumes, and age- and sex-adjusted FA values were
used. To ensure that our findings (i.e. structural difference between
groups) were robust, we conducted voxel-wise whole brain comparisons,
which gave similar results (see Supplementary Fig. 3). Also, for confir-
mation, we compared tactile acuity and brain measures (GM volume and
FA) between a reduced (N ¼ 50) cLBP and age- and sex-matched HC
group (also N ¼ 50).

Significance was set at alpha¼ 0.05. All the statistical tests, except the
comparison of correlation strength, were performed using the Statistical
Package for Social Sciences 17.0 (SPSS Inc., Chicago, IL).

3. Results

3.1. Demographic and clinical/behavioral assessments

A total of 103 chronic LBP participants and 50 age-matched HC were
enrolled and 102 patients performed baseline clinical/behavioral as-
sessments. One subject was excluded due to inability to comply with
2PDT testing instructions. Twenty patients dropped out prior to the
baseline MRI scan, while 4 dropped out prior to interventional arm
randomization. Once randomized, 3 patients dropped out from the mock
laser acupuncture arm, while 4 dropped out from the usual care/no
intervention arm prior to the post-treatment behavioral evaluation, and
one more prior to post-treatment MRI.

Tactile acuity scores for the back (2PDT-back) were significantly
greater (i.e. worse) (t-test, P ¼ 0.01, Table 1, Fig. 1a), for LBP (4.21 �
1.63 cm, mean � SD) compared to HC (3.37 � 1.54 cm) while acuity
scores for the finger (2PDT-finger) did not differ between groups (P ¼
0.29).

3.2. FA on S1-adjacent white matter skeleton

Based on the results of an fMRI localizer scan, we defined S1-adjacent
white matter skeleton, and compared mean FA on the skeleton. Specif-
ically, we used a repeated measures ANOVA over 2 hemispheres (left/
right) and 2 ROIs (back/finger). There was a significant group effect (F
[1,124]¼ 9.35, P¼ 0.003), indicating that cLBP patients showed smaller



Fig. 1. (a) The 2PDT-back but not 2PDT-finger scores were greater (worse tactile acuity) for cLBP compared to HC. (b) Mean FA in white matter adjacent to back and
finger ROIs (blue color for white matter skeleton) was reduced in cLBP compared to HC. (c) S1 gray matter volume was increased for cLBP in both back (z ¼ 60 mm)
and finger (z ¼ 53 mm) S1 cortical representation ROIs (yellow color) (d) For cLBP, worse 2PDT scores for back and finger locations were associated with greater gray
matter volume in back and finger S1 representation ROIs, respectively. No significant associations were found for HC. *P < 0.05, **P < 0.01. Error bars represent SEM.
Abbreviations: 2PDT ¼ two-point discrimination threshold, A.U. ¼ arbitrary unit, cLBP ¼ chronic low back pain patients, HC ¼ healthy controls, FA ¼ fractional
anisotropy, S1 ¼ primary somatosensory cortex.
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S1-back and S1-finger FA compared to HC. There were significant
hemisphere� group (cLBP/HC) and hemisphere� ROI interactions (P ¼
0.04; P < 0.0001, respectively). Thus, further analyses evaluated mean
FA of each hemisphere and each region separately.

Mean FA was significantly reduced for cLBP compared to HC in both
left and right S1-back ROI, and left S1-finger ROIs (P ¼ 0.01; P ¼ 0.04; P
< 0.0001, respectively). Mean FA difference of the right S1-finger ROIs
between groups (cLBP/HC) was marginally significant (P ¼ 0.08). For
presentation purposes, left and right FA for each ROI were merged
(Fig. 1b).
3.3. S1 GM volume

Based on the results of an fMRI localizer scan, we defined S1 ROIs and
performed an ROI analysis comparing mean gray matter volume between
cLBP and HC. We used a repeated measures ANOVA over 2 hemispheres
(left/right) and 2 ROIs (back/finger). We found a significant group effect
(F[1,130] ¼ 7.59, P ¼ 0.007), which indicated that cLBP patients
demonstrated greater S1-back and S1-finger volume compared to HC, as
was evident in the post hoc analysis (Fig. 1c, independent t-test for age,
sex, and intracranial volume-adjusted volume, P ¼ 0.008 for S1-back; P
¼ 0.02 for S1-finger). There was no significant ROI � group (cLBP/HC),
hemisphere � group, and ROI � hemisphere � group interaction (P ¼
0.66; P ¼ 0.58; P ¼ 0.20, respectively).

Finally, as different group sample sizes may have influenced our re-
sults, we also compared tactile acuity and brain metrics (GM volume and
FA) between HC and a reduced N, age- and sex-matched cLBP group
(both groups, N¼ 50). This subgroup analysis produced similar results as
for the full analysis, suggesting that unequal sample sizes did not
adversely influence our reported outcomes (see Supplementary Table 1).

Subsequently, we evaluated associations between S1 gray matter
volume and tactile acuity. As the correlations for left and right S1 volume
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with 2PDT were not significantly different for both back and finger ROIs
(P ¼ 0.67; P ¼ 1.00, respectively), we used mean S1 gray matter volume
across both left and right hemispheres for further analyses. We found that
for cLBP, S1-back gray matter volume was significantly correlated with
2PDT-back (Fig. 1d, Spearman’s correlation, ρ ¼ 0.27; P ¼ 0.02), but not
with 2PDT-finger (ρ ¼ 0.08, P ¼ 0.48). However, S1-finger volume
showed significant correlation with 2PDT-finger (ρ ¼ 0.27; P ¼ 0.01),
and trending-level correlation with 2PDT-back (ρ ¼ 0.21, P ¼ 0.07).
Thus, larger S1 gray matter volume was associated with worse 2PDT
scores, with evidence of body-region to S1-subregion specificity. For HC,
no significant correlations were found between either ROI for S1 gray
matter volume and 2PDT scores (all �0.2<ρ<0.1, P’s>0.3).
3.4. Acupuncture treatment effects

A total of 78 cLBP patients (42 female, age ¼ 40.9 � 11.8 years) were
randomized to four study arms, verum acupuncture (N ¼ 18, 11 female,
age ¼ 41.3 � 14.0 years), sham acupuncture (N ¼ 18, 7 female, age ¼
41.8 � 12.2 years), mock laser acupuncture (N ¼ 19, 11 female, age ¼
41.7 � 12.3 years), and no treatment/usual care (n ¼ 23, 13 female, age
¼ 39.1� 9.8 years). There was no significant difference in age or female/
male distribution between groups (F[3,74] ¼ 0.24, P ¼ 0.87. Chi-square
test, P ¼ 0.53). Symptom duration also did not differ significantly be-
tween groups (F[3,74] ¼ 1.18, P ¼ 0.32; verum acupuncture ¼ 7.6 � 7.2
years, sham acupuncture ¼ 10.6 � 10.8 years, mock laser ¼ 6.0 � 5.4
years, and no treatment/usual care ¼ 9.2 � 7.6 years). Drop outs were
mostly due to scheduling difficulties, and a total of 70 cLBP subjects
completed their treatment protocol and post-therapy MRI evaluation. No
significant difference was found between the four study arms for sub-
jects’ expectation of pain relief at baseline (F[3,74]¼ 0.44, P¼ 0.73), nor
after the final treatment session for verum, sham, and mock laser
acupuncture arms (F[2,48] ¼ 0.94, P ¼ 0.40).
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3.5. Acupuncture effects on clinical outcomes

The primary clinical outcome for symptom severity was LBP bother-
someness. There was a significant baseline difference (F[3,66] ¼ 3.01, P
¼ 0.04) across the 4 intervention groups (verum acupuncture, sham
acupuncture, mock laser acupuncture and usual care). There was no
significant difference in %-change (F[3,64]¼ 0.26, P¼ 0.86) across the 4
groups after controlling for baseline symptom severity.

PROMIS-29 pain interference was used as a functional scale for
measuring pain-related interference with one’s life. There was no sig-
nificant baseline difference (F[3,66] ¼ 1.79, P ¼ 0.16) across the 4
intervention groups, and no significant difference in %-change (F[3,66]
¼ 1.62, P ¼ 0.19) across the 4 groups after intervention. As an explor-
atory analysis, we also compared %-change of PROMIS-29 pain inter-
ference between verum acupuncture and a merged control group (non-
verum acupuncture groups including sham acupuncture, mock laser
acupuncture, and usual care). At baseline, pain interference was signifi-
cantly different between verum acupuncture and control groups (F[1,68]
¼ 4.06, P ¼ 0.048). The post-intervention %-change in pain interference
was significantly different between verum acupuncture and control in-
terventions after controlling for baseline pain interference (F[1,67] ¼
4.09, P¼ 0.047), which indicated that verum acupuncture improved pain
interference more than controls although both verum and control
showed improved pain interference (mean � SD, verum ¼ �11.0 �
10.6%, P ¼ 0.0004; control ¼ �4.6 � 11.7%, P ¼ 0.007).

3.6. Acupuncture effects on two-point discrimination threshold (2PDT)

There was no significant baseline difference for 2PDT-back or 2PDT-
finger (F[3,66] ¼ 1.09, P ¼ 0.36; F[3,66] ¼ 1.66, P ¼ 0.19, respectively)
across the 4 intervention groups. There was a significant difference in
%-change for 2PDT-back (F[3,66] ¼ 4.23, P ¼ 0.009), but no significant
difference in %-change for 2PDT-finger (F[3,66]¼ 0.22, P¼ 0.88) across
the 4 groups after the intervention.

As a post-hoc analysis, we compared %-change of 2PDT between
verum acupuncture and all other controls in a merged group (i.e. sham
acupuncture, mock laser acupuncture, and usual care). At baseline,
neither 2PDT-back nor 2PDT-finger showed significant differences be-
tween verum acupuncture andmerged controls (F[1,68]¼ 1.89, P¼ 0.17
for back; F[1,68] ¼ 2.01, P ¼ 0.16 for finger, respectively). Post-
treatment %-change for 2PDT-back was significantly different between
verum acupuncture and controls (Fig. 2a, verum acupuncture ¼ �18.5 �
33.0%, control ¼ 4.9 � 40.7%, F[1,68] ¼ 4.84, P ¼ 0.03). We found no
group differences for 2PDT-finger (Fig. 2b, verum acupuncture ¼ �7.2 �
26.1%, control ¼ 1.5 � 61.9%, F[1,68] ¼ 0.33, P ¼ 0.57). For individual
groups, verum acupuncture improved tactile acuity for the back (one-
sample t-test, P¼ 0.03), but not finger (P¼ 0.26) regions. Control groups
did not change tactile acuity for either back or finger regions (P¼ 0.39; P
¼ 0.86, respectively).
Fig. 2. Verum acupuncture, but not control, improved tactile acuity (2PDT) for t
associated with greater right S1-back GM volume decrease (c) and the adjacent wh
represent SEM. Abbreviations: 2PDT ¼ two-point discrimination threshold, FA ¼ fra
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3.7. Association between the changes in tactile acuity and S1-back
structure after verum acupuncture

We found that right S1-back GM volume change showed significant
correlation with change in 2PDT-back after verum acupuncture (Fig. 2c,
Spearman’s correlation, ρ ¼ 0.52, P ¼ 0.03), but not after control in-
terventions (ρ¼ 0.03, P¼ 0.82 for merged control; ρ¼ 0.02, P¼ 0.94 for
sham acupuncture; ρ¼�0.11, P¼ 0.69 for mock laser; ρ¼ 0.11, P¼ 0.67
for usual care, respectively). The difference of the correlation strength
between verum and control demonstrated trending significance (P ¼
0.06). Left S1-back GM volume change did not show significant corre-
lation after either verum acupuncture or control interventions (ρ ¼ 0.39;
P ¼ 0.11 for verum acupuncture; ρ ¼ 0.0 P ¼ 0.99 for merged control; ρ
¼ 0.07, P ¼ 0.79 for sham acupuncture; ρ ¼ �0.19, P ¼ 0.48 for mock
laser; ρ ¼ 0.09, P ¼ 0.74 for usual care, respectively). The strength of the
correlation was also not significantly different between verum and con-
trol (P¼ 0.16). Neither left nor right S1-back GM volume change showed
significant correlation with 2PDT-finger change after verum acupuncture
or control interventions (all P’s > 0.45). Neither left nor right S1-finger
GM volume change showed significant correlation with 2PDT-back
change after verum acupuncture or control interventions (all P’s> 0.24).

As for microstructural changes in S1-adjacent white matter, we found
that FA change in right S1-back adjacent region was correlated with
2PDT-back change after verum acupuncture (Fig. 2d, ρ ¼ �0.56, P ¼
0.01), but not after control interventions (ρ¼�0.10, P¼ 0.47 for merged
control; ρ¼�0.37, P¼ 0.15 for sham acupuncture; ρ¼ 0.20, P¼ 0.46 for
mock laser; ρ ¼ 0.04, P ¼ 0.89 for usual care, respectively). The differ-
ence of the correlation strength between verum and control demon-
strated trending significance (P ¼ 0.07). FA change in left S1-back
adjacent white matter did not show significant correlation after verum
acupuncture or control interventions (ρ ¼ �0.06, P ¼ 0.81 for verum
acupuncture; ρ ¼ �0.12, P ¼ 0.40 for merged control; ρ ¼ �0.38, P ¼
0.13 for sham acupuncture; ρ¼�0.05, P¼ 0.86 for mock laser; ρ¼ 0.08,
P ¼ 0.76 for usual care, respectively). The strength of the correlation
between verum and control was not significantly different (P ¼ 0.84).
Neither FA change of left nor right S1-back adjacent white matter showed
significant correlation with 2PDT-finger change after verum acupuncture
or control interventions (all P’s > 0.29).

3.8. Association between the changes in pain with S1-back structure and
tactile acuity after verum acupuncture

There were no significant correlations between post-intervention
changes in pain bothersomeness/pain interference and changes in S1-
back microstructure (GM volume/FA in adjacent white matter) after
verum acupuncture (all P’s > 0.20). Furthermore, neither FA change nor
GM volume change in S1-back showed significant correlation with pain
change after control interventions (all P’s > 0.21). There were also no
significant correlations between the change in pain bothersomeness/pain
he back (a), but not finger regions (b), and improvement for 2PDT-back was
ite matter FA increase following verum acupuncture (d). *P < 0.05. Error bars
ctional anisotropy, S1 ¼ primary somatosensory cortex.
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interference and changes in tactile acuity after verum acupuncture or
control interventions (all P’s > 0.20).

3.9. Acupuncture effects on S1-back and S1-finger gray matter volume

For the assessment of GM volume change, a repeated measures
ANOVA was performed over 2 time points (Time; before/after 4 weeks of
therapy), 2 ROIs (Region; back/finger), and 2 hemispheres (Hemisphere;
left/right).

There were no significant baseline differences for left/right S1-finger
GM volume (all P’s > 0.43) across groups (verum acupuncture, sham
acupuncture, mock laser acupuncture, and usual care). However, base-
line differences for left/right S1-back GM volume approached signifi-
cance in some cases (all P’s > 0.07). There were no significant Time �
Group, Time � Hemisphere� Group, Time � Region� Group, and Time
� Region � Hemisphere � Group interactions (all Ps > 0.25). Any
change of volume for left/right S1-back or S1-finger GM (i.e. volume
difference between before/after 4-week treatment) was not significantly
different across groups after controlling for baseline GM volume (all P’s
> 0.29).

3.10. Acupuncture effects on S1-adjacent white matter FA change

For DTI assessment of change in white matter FA after therapy, a
repeated measures ANOVA was performed over 2 time points (before/
after 4 weeks of therapy), 2 ROIs (back/finger), and 2 hemispheres (left/
right).

There was no significant baseline difference for left/right S1-back or
S1-finger FA (all P’s > 0.5) across groups (verum acupuncture, sham
acupuncture, mock laser acupuncture, and usual care). There was no
significant Time � Group, Time � Hemisphere � Group, Time � Region
� Group, and Time � Region � Hemisphere � Group interaction (all P’s
> 0.31).

4. Discussion

Our results confirmed previous reports of reduced tactile acuity in
cLBP (Adamczyk et al., 2018). Compared to HC, cLBP patients demon-
strated reduced acuity over the low back (greater 2PDT-back), but not at
the finger, suggesting that chronic pain affected tactile acuity selectively,
at body regions where patients experience persistent pain. Furthermore,
we found that gray matter volume in the primary somatosensory cortical
representation of the back, which was elevated in cLBP, was correlated
with greater 2PDT-back scores. DTI assessment of FA in S1-adjacent
white matter found that cLBP patients demonstrate reduced FA in
S1-back regions. Following 4-weeks of acupuncture therapy, tactile
acuity was improved (reduced 2PDT scores over the back) and greater
improvements were associated with reduced S1-back gray matter volume
and increased S1-back adjacent white matter FA. These associations were
not seen for control acupuncture interventions or usual care group
designed to impart reduced or absent somatosensory afference from deep
tissue receptors. However, neuroanatomical and tactile acuity changes
were not linked with clinical outcomes after 4-weeks of therapy, and S1
neuroplasticity may represent early mechanistic changes in somatosen-
sory processing that ultimately lead to longer term improvements in
clinical pain severity following successful therapy.

Tactile acuity is the ability to resolve fine spatial details with the
perception of touch. Impaired tactile acuity in chronic pain is not solely a
result of deficits in peripheral nervous system processing (Wand et al.,
2010), and previous studies have demonstrated that altered tactile acuity
was accompanied by cortical reorganization in S1 (Maihofner et al.,
2004; Lissek et al., 2009; Catley et al., 2014). Disruption of tactile acuity
may closely link with chronic pain and may thus be a target for
non-pharmacological, somatically-directed interventions. Previous
studies showed that sensory discrimination learning or repetitive sensory
stimuli could improve the tactile perception, which subsequently could
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reduce low back and limb pain (Moseley et al., 2008; Wand et al., 2013).
This was first demonstrated for amputees with phantom limb pain (Flor
et al., 2001). In fact, repetitive somatosensory stimulation by acupunc-
ture was also found to relieve pain and normalize tactile perception in
amputees (Bradbrook, 2004).

Similar to our findings, previous VBM neuroimaging studies in idio-
pathic LBP (Kong et al., 2013; Ung et al., 2014) also showed increased S1
volumes in cLBP patients compared to healthy adults. In fact, our pre-
vious study found that even within a defined chronic neuropathic pain
population, patients for whom pain is predominant over paresthesia
demonstrate greater S1-hand cortical thickness, with greater thickness
correlated with greater pain severity (Maeda et al., 2016). Furthermore,
our current cLBP study found elevated gray matter volume and reduced
FA in both S1-back and S1-finger areas for cLBP patients. Thus, structural
alterations extend beyond the cortical representations of the body area to
which persistent pain is attributed. This is consistent with our previous
study, which found that hand-affected neuropathic pain (i.e. carpal
tunnel syndrome) patients demonstrate altered FA not only in the
S1-hand area, but also S1-leg, and -face areas (Maeda et al., 2017).
However, at least for cLBP patients, behavioral deficits stemming from
altered gray matter or white matter microstructure in S1 may follow
distinct somatotopic organization, as we demonstrated here for tactile
acuity. Specifically, inter-subject differences in S1-back gray matter
volume were correlated with 2PDT-back (and not 2PDT-finger), while
S1-finger volume was correlated with 2PDT-finger (and not 2PDT-back).
Moreover, these associations were not found for healthy adults, sug-
gesting that S1 microstructure is linked with tactile acuity most directly
for chronic pain patients (Catley et al., 2014), possibly when these
metrics fluctuate outside of the normal physiological range.

Our longitudinal neuroimaging study then found that tactile acuity
over the back (but not finger) was improved following 4-weeks of verum
acupuncture. Control acupuncture interventions with reduced or absent
somatosensory afference did not improve tactile acuity. Furthermore,
improvements in tactile acuity over the back following verum acupunc-
ture were associated with reduced S1-back gray matter volume and
increased FA in the white matter adjacent to the S1-back (and not S1-
finger) area. The exact cellular and molecular mechanisms inducing
changes in GM volume and FAmeasured byMRI are not fully understood.
GM volume changes may reflect changes in neuronal morphology, such
as synaptogenesis and remodeling of neuronal processes (Lerch et al.,
2011; Sumiyoshi et al., 2014), or non-neuronal changes such as angio-
genesis, microglial proliferation, and astrogenesis (Taubert et al., 2012;
Sumiyoshi et al., 2014). Indeed, our group recently reported elevated S1
PET PBR28 ligand binding (evidence of glial activation) in cLBP (Loggia
et al., 2015). WM FA changes may reflect fiber myelination, axonal
morphology, as well as oligodendritic structure (Beaulieu, 2002; Taubert
et al., 2012). Furthermore, changes in tactile acuity and pain may reflect
the balance of excitatory and inhibitory neurotransmitter systems
involving glutamate and GABA, respectively, and induce morphological
changes in synaptic transmission via long-term potentiation or long-term
depression (Dinse et al., 2003; Ji et al., 2003; Draganski and May 2008).
Such changes following acupuncture may contribute to microstructural
MRI signal changes, though the exact mechanism remains unclear.

The verum acupuncture procedure included touch palpation, needle
insertion targeting deep tissue receptors, manual stimulation by twirling
the inserted needles, leading to needling-induced perceptions such as
numbness, soreness, distention, heaviness, and dull pain (Kong et al.,
2007; Napadow et al., 2009; Wand et al., 2013). Such somatosensory
afference may serve to guide S1 neuroplasticity following manual
acupuncture. Furthermore, as the acupuncture ritual may focus attention
toward the location of the needling, acupuncture may share mechanisms
with more conventional sensory discrimination trainings in terms of
improving tactile acuity and producing S1 neuroplasticity. In fact, pre-
vious studies have demonstrated that both sensory training and
training-independent sensory stimulation can induced changes in tactile
perception via S1 reorganization (Flor et al., 2001; Beste and Dinse,
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2013; Wand et al., 2013). For instance, simultaneous and repetitive
tactile co-stimulation of multiple body regions can drive S1 neuro-
plasticity (Beste and Dinse, 2013).

In our study, verum acupuncture included repetitive sensory stimu-
lation at 9–10 acupoints, mainly over the lower back and buttocks,
applied over 6 sessions across 4 weeks. While most previous studies of
training-independent sensory stimulation adopted short-duration exper-
imental protocols (<3 days (Godde et al., 2000)), our study demonstrated
that less intensive somatosensory stimulation spread over a longer time
frame can also improve tactile performance, concomitant with S1 neu-
roplasticity. As verum acupuncture targets deeper receptors, the induced
sensations of soreness, numbness, heaviness, and distention (MacPherson
and Asghar, 2006) are unusual, are more salient to the patient, poten-
tially leading to increased arousal and attention directed to the needling
procedure, contributing to its impact on tactile acuity and neuro-
plasticity. Future studies should assess whether the targeting of deeper
receptors located in fascia and/or muscle tissue and eliciting sensory
qualities and brain responses that differ from the stimulation of cuta-
neous receptors by sham acupuncture (Napadow et al., 2009), plays a
role in the differences in behavioral outcomes and S1 neuroplasticity for
verum versus sham acupuncture. In fact, a previous study showed that
cutaneous stimulation using a cork probe also had no effect on tactile
acuity (Moseley et al., 2008), suggesting that cutaneous receptor tar-
geting may not be sufficient for driving change in tactile acuity.

While our study did not find a link between clinical pain reduction
and tactile acuity improvements or S1 neuroplasticity following verum or
sham acupuncture, such links have been suggested by prior studies.
Bradbrook et al. found that acupuncture both relieved phantom limb pain
and restored tactile sensation in amputees (Bradbrook, 2004), however a
direct linkage between somatosensory recovery and pain relief was not
demonstrated. Our previous study in carpal tunnel syndrome found that
adaptive S1 neuroplasticity following 8-week acupuncture therapy pre-
dicted long-term (3-month post therapy) improvements in pain and
paresthesia (Maeda et al., 2017). It’s possible that our current study in
cLBP was not able to link improvements in S1 microstructure and tactile
acuity with clinical pain due to the shorter duration of therapy used.
Clinical pain reduction following shorter durations of acupuncture
therapy may be better reflected in reorganization of functional brain
networks (Tu et al., 2019); in fact, our previous study in fibromyalgia
showed that a 4-week acupuncture therapy reduced heightened
cross-network functional connectivity of the default mode network and
the insula, and the degree of reduction correlated with the level of
clinical pain reduction (Napadow et al., 2012).

Limitations to our study should also be noted. As there was variability
in laterality of back pain between subjects and even within-patient visit
to visit variability, we evaluated 2PDT-back at a single site on all subjects.
It’s possible that unilateral low back pain lateralized to the testing side or
opposite side, may introduce variability in tactile acuity outcome.
However, associations between tactile acuity and VBM outcomes were
bilateral at baseline, suggesting that this result was not sensitive to lat-
erality in testing. Another limitation, as noted above, was the short
duration of therapy (4 weeks), which was long enough to elicit reduction
in pain interference and tactile acuity but was perhaps too brief to allow
for robust neuroimaging-sensitive changes in S1 microstructure –

something we have previously shown following 8 weeks of therapy in
neuropathic pain patients (Maeda et al., 2017). Future studies should
incorporate more treatment sessions over a longer course of treatment.
Our study demonstrated that repetitive tactile stimuli by acupuncture
needles improved tactile acuity and pain-related interference in cLBP
patients. Historically, the effects of acupuncture are also theorized to be
mediated by the stimulation of specifically targeted acupoints along the
body. The current study focused on the somatosensory aspect of
acupuncture stimulation and not acupoint specificity, and thus we did
not include a control group with verum acupuncture at non-acupoint
locations. However, our study did demonstrate that a standardized
manual acupuncture protocol with repeated deep receptor
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somatosensory afference could produce pain relief and improve tactile
acuity over the lower back.

In conclusion, compared to HC, cLBP patients demonstrated impaired
tactile acuity, which was associatedwith increased graymatter volume in
the S1 representation for the low back. Patients also demonstrated
reduced FA in the white matter adjacent to this S1 subregion. Following
4-weeks of verum acupuncture therapy, tactile acuity over the back (but
not finger) was improved, and improvements were associated with
reduced S1-back gray matter volume and increased FA in the white
matter adjacent to the S1-back subregion. These changes and associations
were not present following control acupuncture interventions designed
to have reduced or absent somatosensory afference. Our study suggests
that acupuncture may improve tactile acuity over pain-affected regions in
cLBP via somatotopically-specific structural S1 neuroplasticity.
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