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ABSTRACT

Background: Limited information exists on the effects of temporary functional deafferentation (TFD) on brain activity after
peripheral nerve block (PNB) in healthy humans. Increasingly, resting-state functional connectivity (RSFC) is being used to
study brain activity and organization. The purpose of this study was to test the hypothesis that TFD through PNB will influ-
ence changes in RSFC plasticity in central sensorimotor functional brain networks in healthy human participants.

Methods: The authors achieved TFD using a supraclavicular PNB model with 10 healthy human participants undergoing
functional connectivity magnetic resonance imaging before PNB, during active PNB, and during PNB recovery. RSFC dif-
ferences among study conditions were determined by multiple-comparison—corrected (false discovery rate—corrected P value
less than 0.05) random-effects, between-condition, and seed-to-voxel analyses using the left and right manual motor regions.

Results: The results of this pilot study demonstrated disruption of interhemispheric left-to-right manual motor region RSFC
(e.g., mean Fisher-transformed z [effect size] at pre-PNB 1.05 5. 0.55 during PNB) but preservation of intrahemispheric RSEC
of these regions during PNB. Additionally, there was increased RSFC between the left motor region of interest (PNB-affected
area) and bilateral higher order visual cortex regions after clinical PNB resolution (e.g., Fisher z between left motor region of
interest and right and left lingual gyrus regions during PNB, 0.1 and 0.6 »s5. 0.22 and 0.18 after PNB resolution, respectively).
Conclusions: This pilot study provides evidence that PNB has features consistent with other models of deafferentation,
making it a potentially useful approach to investigate brain plasticity. The findings provide insight into RSFC of senso-
rimotor functional brain networks during PNB and PNB recovery and support modulation of the sensory—motor integra-
tion feedback loop as a mechanism for explaining the behavioral correlates of peripherally induced TFD through PNB.
(ANESTHESIOLOGY 2016; 125:368-77)

HE term “plasticity” refers to changes in brain activ-
ity and organization in response to injury or perceived

injury, such as experimental deafferentation. Plasticity asso- * Resting-state functional connectivity determined by functional
connectivity magnetic resonance imaging can be used to

: 10 study brain activity and network organization
been studied in both animal' and human subjects.*'" In a e Temporary functional deafferentation, such as that produced by
series of animal studies, Merzenich and colleagues' demon- peripheral nerve blocks, can promote adaptive brain plasticity

strated cortical reorganization with adjacent intact cortical
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ciated with temporary and permanent deafferentation has

representations “invading” neighboring deafferentated brain What This Article Tells Us That Is New

regions after experimental nerve transection, digit amputa- * Using supraclavicular peripheral nerve block (PNB) as a model

of temporary functional deafferentation (TFD) in 10 human
subjects, functional connectivity magnetic resonance imaging
humans utilizing transient ischemic and pharmacologic showed disruption of interhemispheric resting-state functional
connectivity (RSFC) in the manual motor region but preser-
vation of intrahemispheric RSFC during PNB, with increased

tion, and epidural anesthesia. Subsequent work in healthy

nerve block further characterized central reorganization after

. 67 . . .« .
deafferentation.®"'" Weiss er al.” examined central plasticity RSFC between the affected motor area and bilateral visual
in the primary somatomotor cortex after radial and median cortices upon PNB resolution
nerve block. Using magnetoencephalographic source imag- e TFD produced by PNB produces similar effects on RSFC as

other models, which provides a useful model for TFD-induced

ing and transcranial magnetic stimulation, results of this changes in neuroplasticity

study documented adaptive plasticity with cortical expansion
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of representations adjacent to the blocked area and disin-
hibition of previously inhibitory connections resulting in
increased two-point discrimination acuity. While plasticity
has most likely evolved to produce an adaptive response such
as this, evidence suggests that maladaptive plasticity may be
responsible for phantom limb pain,'! poor hand rehabilita-

1213 and disorders of body schema.'* Studies have dem-

tion,
onstrated that temporary functional deafferentation (TFD)
through pharmacologic or ischemic block can promote
adaptive brain plasticity in these populations'>~'7; however,
interpretation of the findings proves difficult with limited
functional imaging studies documenting the effects of TFD
in healthy individuals. Despite encouraging results, the
details of deafferentation-induced plasticity have not been
fully elucidated. This is especially true for plastic changes in
healthy subjects after peripheral nerve blocks (PNBs) used
for surgical anesthesia.

Research into the effects of PNB on the uninjured brain
may provide insight into brain plasticity and its potential
role in promoting adaptive changes. While infrequently uti-
lized as an experimental model of TFD, PNB is commonly
used in clinical practice to provide surgical anesthesia and
postoperative analgesia.'® PNB is an attractive model to
study brain plasticity, because it provides transient deaffer-
entation and deefferentation, allows for timing tailored to
local anesthetic duration of action, and overcomes obvious
practical limitations (brief time, pain) of ischemia-induced
TFD. Increasingly, resting-state functional connectivity
(RSFC) and functional connectivity (FC) magnetic reso-
nance imaging (MRI) are being used to study brain activity
and organization. Studies to date investigating the effects of
TFD through PNB on brain activity in healthy human sub-
jects'”?" have not investigated the resting-state functional
brain network.

RSFC reflects functionally integrated relationships
between spatially separated brain regions at rest. It is com-
monly being utilized to study brain disease and/or damage.?!
Studies utilizing task-driven functional MRI (fMRI) anal-
yses are difficult to accomplish and limited in their appli-
cation for patients with severe impairment subsequent to
disease, nerve injury, stroke, or experimental deafferentation
such as the PNB model used in this study. However, ample
evidence demonstrates that resting-state networks are stable,
are reproducible, and reflect networks associated with cogni-
tive or behavioral task performance.?> Thus, the methodo-
logic advantage of RSFC is that it can be measured without
an overt task or external input,* and resulting data can be
interrogated for individual differences over time and con-
ditions.2® Indeed, evidence in stroke-affected?” and nerve-
injured subjects®® suggests that RSFC can serve both as a tool
to assess the health of brain networks and as a prognostic
indicator of functional recovery.

The purpose of this study was to help determine in vivo
functional plasticity using RSFC associated with TFD in
healthy human participants undergoing PNB. By better
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understanding the functional neuroanatomical correlates of
PNB used in clinical practice, the results of this study may
determine if PNB can play a role as a TFD model and ulti-
mately a model for investigating pathologic states.

Material and Methods

This study was approved by the Duke University Medical
Center Institutional Review Board. All enrolled study par-
ticipants provided written informed consent and received
financial compensation for study participation.

Participants

The authors recruited participants from an institutional review
board—approved flyer advertising the study on the Duke Uni-
versity campus. Ten healthy, right-hand dominant partici-
pants (mean age, 22.5+2.6 yr; range, 19 to 28 yr), 7 men and
3 women, were enrolled in this pilot study from August 2009
to May 2012. Racial demographics of the sample consisted of
seven non-Hispanic Caucasians, two African Americans and
one Asian American participant. Exclusion criteria included
standard contraindications to PNB and/or MRI. Participants
underwent an anesthetic history and physical exam before
active study participation (performed by Dr. Melton).

Procedure

Each participant was scanned during three RSFC experimen-
tal conditions: (1) before PNB (pre-PNB), (2) during active
PNB (PNB), and (3) during PNB recovery (post-PNB), on a
General Electric MR750 3 tesla MRI system (GE Healthcare,
United Kingdom) using an eight-channel head coil. In addi-
tion to the RSFC experimental conditions, participants’ left
and right hemispheric sensorimotor regions were empirically
determined using a block-design task-based fMRI sequence
just before the pre-PNB scanning session. The pre-PNB,
active PNB, and post-PNB neuroimaging sessions were con-
ducted on the same day. After pre-PNB RSFC data acquisi-
tion, participants were removed from the MRI scanner, and
the PNB was performed on the right upper extremity in a rou-
tine clinical fashion.”” During PNB, participants were placed
supine, with the head of the bed slightly elevated, and the
participant’s head turned to the contralateral side. After rou-
tine, standard monitors were applied, an ultrasound-guided,
in-plane supraclavicular nerve block of the brachial plexus was
performed using a 22-gauge Stimuplex (B. Braun Medical
Inc., USA) needle. Upon ultrasound visualization of appropri-
ate needle to nerve approximation, 30 ml chloroprocaine, 2%,
with 1:400k epinephrine and 2 ml sodium bicarbonate, 8.4%,
in combined solution was administered incrementally after
negative aspiration. This local anesthetic combination has a
rapid onset (less than 30 min) and short duration of action
(up to 2h). Before the PNB scan, full motor (0/5) and sensory
(absent) blockade of the upper extremity was confirmed by
testing motor function (shoulder abduction, elbow flexion/
extension, wrist flexion/extension, finger abduction/adduc-
tion, and thumb abduction) on a scale of 0 to 5 (0 = no visible
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contraction, 1 = visible contraction/no movement, 2 = some
movement/cannot overcome gravity, 3 = overcome gravity/not
additional force, 4 = less than normal, and 5 = normal) and
sensation (pinprick) in the axillary, radial, median, ulnar, and
musculocutaneous nerve distributions of the upper extremity
in comparison to the nonblocked extremity. This testing was
repeated before the post-PNB scan to confirm clinical PNB
resolution, as defined by return of full motor strength (5/5)
and full sensation to pinprick in the aforementioned nerve
distributions as compared to the nonblocked extremity. The
duration of motor sensory block was expected to be no more
than 2h. The post-PNB session began at least 2h after the
active PNB data acquisition ended to provide adequate time
for clinical PNB recovery.

Within each of the three scanning sessions, resting-
state (rs)-fMRI data were collected, with participants being
instructed to remain still with their eyes open and visually
fixated on a crosshair presented through a back-projected
screen that was reflected into a prism mirror affixed to the
head coil cage. During the pre-PNB task-based psychomo-
tor fMRI sequence (i.e., motor regions of interest [ROIs]
determination sequence), participants were instructed to
tap the fingers on either their left or right hand during 20s
alternating equal duration periods of finger tapping or no
motor movement. The resulting sensorimotor fMRI acti-
vation maps were retained as seed regions for subsequent
seed-to-seed and seed-to-voxel RSFC within- and between-
condition analyses (see Functional Connectivity Analyses).

Neuroimaging Data Acquisition

Anatomical data were acquired using a high-resolution
T1-weighted fast spoiled gradient echo scan (256 matrix; field
of view, 24cm; 162 1-mm thick slices; echo time, 3.22ms;
and repetition time, 8,150 ms). Resting-state (rs-fMRI) and
pre-PNB motor task-based fMRI data were acquired with a
SENSE spiral-in sequence (64 matrix; field of view, 24 cm;
34 4-mm thick slices; echo time, 30ms; repetition time,
2,000 ms; and SENSE factor 2). The rs-fMRI data consisted
of 150 time points (5 min) for each experimental condition
(pre-PNB, PNB, post-PNB), while 130 time points were col-
lected during the pre-PNB task-based sensorimotor localiza-
tion fMRI run (4.33 min). Four initial time points (8s) were
discarded from all functional run types to correct for poten-
tial, initial magnetic resonance signal instability.

Determination of Right and Left Manual Motor Regions

Task-based, manual motor movement fMRI data were ana-
lyzed in SPM (version 8, Wellcome Institute, London).
Preprocessing of the functional data included standard slice
timing correction and motion correction parameters. Func-
tional and anatomical images were coregistered and then
normalized to the Montreal Neurologic Institute (MNI;
Montreal, Quebec, Canada) atlas. Group activation maps
were created for the right hand and left hand tapping sen-
sorimotor regions by directly contrasting participant motor
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movement blocks versus rest block from the pre-PNB task-
based fMRI sequence (see Procedure). After multiple com-
parison correction thresholding (family-wise error-corrected
P value less than 0.001), the remaining clusters covering
appropriate left and right sensorimotor cortices were saved
as group averaged ROIs for inclusion in subsequent seed-to-
seed and seed-to-voxel RSFC within- and between-condition
data comparisons.

Resting-state fMRI Data

The rs-fMRI data during preblock baseline, during active
nerve block (i.e., PNB), and during PNB recovery (i.e.,
post-PNB) were preprocessed and analyzed with Statistical
Parametric Mapping MATLAB software (SPM version 8,
Wellcome Institute) with the SPM CONN toolbox (version
15.2).% Coregistered T1 anatomical and rs-fMRI data were
normalized to MNI common atlas space, and the anatomi-
cal data were then segmented to produce gray, white, and
cerebrospinal fluid maps for each participant. First-level
covariates for each participant’s rs-fMRI data included their
standard motion parameter time course and time course
of artifact detection tool-based “scrubbed” signal artifacts
(scan-to-scan global signal z-value threshold more than or
equal to 3; composite motion threshold more than or equal
to 0.5mm). Linear regression of confounding effects was
then conducted to include cerebrospinal fluid and white
matter masked blood oxygen level-dependent (BOLD) time
series (aCompCor) and all first-level covariates (e.g., motion
correction and “scrubbing”), after which resulting data were
band-pass frequency filtered (0.008 to 0.09 Hz). BOLD sig-
nal session-specific linear detrending and despiking occurred
after confound removal regression.

Band-pass frequency—filtered and postprocessed rs-fMRI
BOLD time series were averaged within each empirically
defined sensorimotor ROI. Linear FC between these senso-
rimotor ROIs and between these ROls and gray matter vox-
els throughout the cortical and subcortical gray matter and
cerebellum was expressed by bivariate correlation analyses
of source ROI and target BOLD signal, the results of which
were then Fisher z transformed (inverse hyperbolic tangent
function) to create subject-/session-specific MNI-spatially

normalized ROI-to-ROI and ROI seed-to-voxel RSFC maps.

Analyses

Functional Connectivity Analyses. Random-effects, within-
condition, and one-sample paired Student’s # test analyses of
left and right sensorimotor ROI-to-ROI intrinsic connectiv-
ity were conducted to assist with visualization of any direct
interhemispheric FC changes between these ROls associated
with pre-PNB, PNB, and post-PNB conditions (fig. 1, A and
B) and to determine potential pattern differences in RSFC
between the sensorimotor ROIs and other gray matter brain
regions by condition (table 1; fig. 2, A1.3 and B1.3). Ran-
dom-effects, between-condition analyses were conducted as
a series of independent, one-sample paired Student’s 7 tests
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Fig. 1. Comparison of functional connectivity magnitudes between left and right manual motor tapping regions at pre-peripheral
nerve block (PNB), during PNB, and after PNB. Random-effects, one-sample Student’s t tests of first-level left-to-right manual
motor tapping regions-of-interest (ROIs) z-transformed bivariate correlation values for each experimental condition. General
linear model (GLM) statistical significance threshold peak voxel P < 0.001, false discovery rate (FDR) cluster-corrected P < 0.05.
(B) Y-axis values denote the effect size of intrinsic functional connectivity (expressed as mean ROI Fisher transformed r values)
between left (L; green region; A) and right (R; red region; A) manual motor regions during each experimental condition (i.e., pre-
peripheral nerve block [pre-PNB], during peripheral nerve block [PNB], and after nerve block resolution [post-PNB]). Error bars

reflect parameter estimate 90% Cls.

of regression differences in sensorimotor ROI seed-to-voxel
FC maps between pre-PNB and PNB, post-PNB (i.e., during
PNB recovery) and PNB, and pre-PNB and post-PNB condi-
tions (table 2; fig. 3, A-D). All analyses were conducted with
statistical thresholds set to multiple-comparison—corrected,
false discovery rate—corrected P value less than 0.05 for the
within-condition sensorimotor ROI-to-ROI analyses and to
a voxel peak P < 0.001 and cluster extent (k;) false discovery
rate—corrected P value less than 0.05 for the within-condition
and between-condition ROI seed-to-voxel analyses. Reported
effect sizes () are expressed as either within-condition
Fisher-z—transformed standardized regression coefficients or
between-condition standardized regression coefficient differ-
ences, depending upon the analyses type.

Results

ROI-to-ROI Sensorimotor between-condition RSFC
Analyses

ROI-t0-ROI sensorimotor RSFC analyses demonstrated
significant changes in interhemispheric correlation between
the left and right group-averaged sensorimotor and primary
motor cortex ROIs (fig. 1A) across the pre-PNB, PNB, and
post-PNB sessions. Before PNB placement (pre-PNB), the
sensorimotor ROIs showed very strong interhemispheric
RSEC (§ = 1.05; fig. 1B, bar 1). After PNB placement
(PNB), while interhemispheric RSFC after behavioral PNB
recovery was significantly reduced (by approximately half of
the pre-PNB connectivity magnitude; § = 0.55), bilateral
intrahemispheric RSFC was maintained (fig. 1B, bar 2), and
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upon behavioral recovery of PNB (post-PNB), interhemi-
spheric ROI-to-ROI RSFC returned close to pre-PNB val-
ues (3 = 0.82; fig. 1B, bar 3).

Sensorimotor ROI Seed-to-voxel within-condition

RSFC Analyses

Before PNB, the left sensorimotor ROI seed region was posi-
tively associated with a statistically significant large gray mat-
ter intra- and interhemispheric region in the left and right
pre- and postcentral somatosensory and primary cortices
(t=26.54, B = 0.61), as well as regions in right tertiary visual
cortex (V3; t=11.81, 3 = 0.29) and left somatosensory asso-
ciation cortex (t = 7.45, B = 0.26; fig. 2A.1 and table 1).
Similar regions of RSFC association were found for the right
sensorimotor ROI seed. The right hemisphere ROI shared
intrinsic FC with left and right somatosensory and primary
cortices (t = 25.12, B = 0.62) and an intrahemispheric region
in the tertiary visual cortex (V3, t=9.72, § = 0.28; fig. 2B.1
and table 1). For both the left and right sensorimotor ROI
seeds, the highest degree of FC association was found with
respective proximal intrahemispheric sensorimotor regions,
but as demonstrated in the direct ROI-to-ROI analyses,
significant interhemispheric connectivity of homologous
motor and primary sensory regions was observed for both
seeds before PNB.

During active PNB, intrahemispheric RSFC did not
change appreciably with each of the sensorimotor seed
regions showing a general preservation of localized RSFC
within each hemisphere, but the interhemispheric RSFC
between primary motor and sensory regions was adversely
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Table 1. Left and Right Sensorimotor Intrinsic Functional Connectivity Networks at Pre-PNB, during PNB, and after PNB
Local Maxima§

Seed/ROI* Condition Locus Region(s) (Brodmann Areas)t SPM m Ke Bt X y z
Left motor Pre-PNB L/R. pre-/postcentral gyrus (1, 4) 26.54 12,850 0.61 -48 -22 60
region R. inferior lateral occipital cortex (19) 11.81 455 0.29 44 -72 -2
L. superior lateral occipital/cuneus (7) 7.45 133 0.26 -24 -72 30
PNB L. pre-/postcentral gyrus (1, 4) 26.33 5,932 0.67 -32 -36 60
L. midinsular cortex (13) 12.49 239 0.28 -32 -2 10
R. postcentral gyrus (1) 8.15 1,251 0.42 54 -20 34
Post-PNB L. pre-/postcentral gyrus (1, 4) 32.98 5,791 0.70 -36 -36 60
R. postcentral gyrus (1) 15.62 2,198 0.52 44 -30 48
L. inferior lateral occipital cortex (19) 14.47 1,249 0.25 -46 -80 4
R. inferior lateral occipital cortex (19) 13.58 1,190 0.26 48 -78 10
R. cerebellar regions 4, 5/lingual gyrus 11.90 926 0.25 12 -52 -18
L. cerebellar regions 4,5,6 8.39 138 0.17 -18 -54 -30
Right motor Pre-PNB R/L. pre-/postcentral gyrus (1, 4) 25.12 11,533 0.62 36 -34 58
region R. inferior lateral occipital cortex (19) 9.72 407 0.28 44 -76 -4
PNB R. pre-/postcentral gyrus and insula (1, 4, 13) 34.61 8,219 0.62 26 -14 72
L. postcentral and superior parietal cortex (5) 8.10 711 0.40 -26 -36 50
Post-PNB R. pre-/postcentral gyrus (1, 4) 22.81 6,644 0.70 46 -26 62
L. cerebellar regions 4, 5, 6/TOFusC 11.13 498 0.25 -10 -52 -14
L. pre-/postcentral gyrus (1, 4) 8.74 3,531 0.51 -34 -10 60
R. cerebellar regions 4, 5, 6/TOFusC 6.47 192 0.20 22 -48 -20
R. inferior lateral occipital cortex (19) 6.37 657 0.31 50 -76 10
R. superior lateral occipital/cuneus (18) 5.18 141 0.16 16 -80 24

*Statistical parametric mapping (SPM) second-level, one-sample Student’s t test comparisons of seed-to-voxel resting-state functional magnetic resonance
imaging intrinsic connectivity associated with motor ROIs within experimental conditions (peak voxel threshold P < 0.001, cluster spatial extent (kg;
expressed in volume) threshold p-false discovery rate < 0.05). See figure 2 for visualization of locus region(s) by motor seed and condition. tAnatomical and
Brodmann area labels based upon 7-mm? search range of the Talairach Daemon Database®' using Montreal Neurologic Institute (MNI)-to-Talairach nonlinear
transform coordinates. tEffect size (3 expressed as Fisher-z-transformed standardized regression coefficients). §MNI International Consortium for Brain

Mapping 152 nonlinear sixth-generation brain atlas coordinates.®?

PNB = peripheral nerve block; post-PNB = after peripheral nerve block resolution; pre-PNB = before peripheral nerve block; ROI = region of interest;

TOFusC = temporal occipital fusiform cortex.

affected by PNB administration. RSFC with the left sen-
sorimotor ROI was proximally associated with gray matter
regions in the intrahemispheric somatosensory and primary
motor cortices (t = 26.33, B = 0.67) and a smaller region
in the insular cortex (t = 12.49, p = 0.28; fig. 2A.2). The
only region of interhemispheric RSFC with the left senso-
rimotor ROI was a region in the right somatosensory cor-
tex, but as with the ROI-to-ROI analyses, the magnitude
and cortical spatial area of the association was significantly
reduced during PNB (e.g., pre-PNB: t = 26.54, § = 0.61
vs. PNB: ¢t = 8.15, B = 0.42; table 1). RSFC association
with the right sensorimotor ROI evinced a similar pattern
of preserved intrahemispheric connectivity proximal to
the primary motor and somatosensory cortices and insular
cortex (t = 34.61, P = 0.62) and a smaller region of inter-
hemispheric connectivity with the left somatosensory cortex
(t=8.10, f = 0.40; fig. 2B.2 and table 1).

After observational and behavioral PNB recovery, partici-
pants were rescanned, and RSFC associated with our left and
right sensorimotor seeds was once again examined. Left and
right motor seed regions strengthened their interhemispheric
RSEC from the active PNB state, but not to the same extent
as seen in pre-PNB (fig. 2, A.3 and B.3; table 1). In addition
to the relative resumption of interhemispheric sensorimotor
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intrinsic FC, it was observed that there were additional bilat-
eral cerebellum (regions 4 and 5) and tertiary visual cortex
regions showing RSFC with the motor seeds that were not
observed during pre-PNB or during active PNB for either
of the sensorimotor seed ROIs (fig. 2, A.3 and B.3; table 1).

Sensorimotor ROI Seed-to-voxel between-condition RSFC
Analyses

Direct comparison of pre-PNB, active PNB, and post-PNB
conditions by motor seed region highlighted the observed
significant diminishment of RSFC between interhemi-
spheric motor regions during PNB between left and right
motor seeds relative to pre-PNB FC (left to right: t = 10.99,
B = 0.33; right to left: t = 10.45, p = 0.40; table 2; fig. 3, A
and B). Additionally, it was observed that intrahemispheric
RSFC between the left motor seed and superior lateral
occipital cortex was significantly greater at pre-PNB baseline
(t=8.41,3=0.23; fig. 3A). There were no areas of statistically
significant RSFC increase during PNB relative to pre-PNB
for either of the sensorimotor ROIs. Comparisons of PNB
and post-PNB conditions were associated with only a single
region of increased FC strength during active PNB relative
to post-PNB for the right motor seed (i.e., right posterior
supramarginal gyrus, t = 6.39, 3 = 0.29; table 2; fig. 3C). As
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Fig. 2. Left and right hemisphere motor region-of-interest (ROI) seed-to-voxel whole brain functional connectivity at pre-
peripheral nerve block (PNB), during PNB, and after PNB. Random-effects, group-wise independent one-sample Student’s
t tests of subject-specific first-level seed-to-voxel connectivity maps by condition. Statistical significance established as peak
voxel P <0.001 and multiple-comparison corrected cluster false discovery rate P < 0.05. Whole brain seed-to-voxel intrinsic
functional connectivity analyses reflect regions of significant, confound-removed blood oxygen level-dependent (BOLD) time
series signal correlation with mean BOLD time series signal within predefined ROls; in this case, the mean BOLD time series sig-
nal within the left and right manual motor regions is shown in figure 1. Colored areas reflect the spatial location of cortical regions
with significantly associated time series signal with the left manual motor region seed ROI at pre-PNB (A7), during PNB (A2), and
after PNB resolution (post-PNB; A3), while associated cortical regions with shared BOLD time series signal characteristics to the
right manual motor region seed ROI are visualized at pre-PNB (B7), PNB (B2), and post-PNB (B3). The red-yellow bar denotes
peak voxel statistical significance in t values above the P < 0.001 threshold.

Table 2. Intrinsic Functional Connectivity Differences of Left and Right Sensorimotor ROls between Experimental Conditions

Local Maxima§

Significant

Seed/ROI* Contrasts Locus Region(s) (Brodmann Areas)t SPM, Ke Bt X y z
Left motor Pre-PNB > PNB R. pre-/postcentral gyrus (1, 4, 6) 10.99 1,581 0.33 26 -14 64
region L. sup. lat. occipital cortex (19) 8.41 138 0.23 -22 -70 22
Post-PNB > PNB L/R. ventral posterior cingulate (23) 11.86 1,388 0.25 0 -60 18

R. sup. lat. occipital cortex (19) 8.47 280 0.25 24 -84 34

L. inf. lat. occipital cortex (18) 8.32 209 0.21 -38 -80 6

R. lingual gyrus (18) 7.64 136 0.23 12 -70 -6
L. lingual gyrus (19) 7.00 125 0.23 -16 -60 -12

Right motor Pre-PNB > PNB L. pre-/postcentral gyrus (4, 6) 10.45 968 0.40 -26 -18 70
region PNB > Post-PNB R. pos. supramarginal gyrus (40) 6.39 226 0.29 54 -46 56

r

*Statistical parametric mapping (SPM) second-level, paired Student’s t test comparison of voxel-wise resting-state functional magnetic resonance imag-
ing intrinsic connectivity associated with motor ROI seeds between experimental conditions (peak voxel threshold P < 0.001, cluster spatial extent (k;
expressed in voxel volume) threshold p-false discovery rate < 0.05). See figure 3 for visualization of locus region(s) by motor seed between PNB conditions.
TAnatomical and Brodmann area labels based upon 7-mm? search range of the Talairach Daemon Database®' using Montreal Neurologic Institute (MNI)-to-
Talairach nonlinear transform coordinates. fEffect size (expressed as the difference in Fisher-z-transformed standardized regression coefficients between
conditions). §MNI International Consortium for Brain Mapping 152 nonlinear sixth-generation brain atlas coordinates.®?

inf. lat. = inferior lateral; PNB = peripheral nerve block; pos. = posterior; post-PNB = after peripheral nerve block resolution; pre-PNB = before peripheral
nerve block; ROI = region of interest; sup. lat. = superior lateral.
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Fig. 3. Regions of significant whole brain functional connectivity change with left and right manual motor tapping regions be-
tween pre-peripheral nerve block (PNB), during PNB, and after PNB conditions. Random-effects, paired Student’s t test con-
trasts of seed-to-voxel intrinsic functional connectivity (FC) differences for left and right manual motor regions (fig. 1) between
pre-PNB, during active PNB, and after PNB resolution (post-PNB) conditions. Statistical significance established as peak voxel
P <0.001 and multiple-comparison corrected cluster false discovery rate P < 0.05. (A) The spatial locations and effect size differ-
ences for brain regions demonstrating a significant difference in intrinsic FC with the left manual motor region during pre-PNB
(blue bars) relative to the PNB (green bars) condition, while (B) reflects regions of difference between the same conditions for
the right manual motor region. (C) The spatial location and effect size of condition-wise differences between PNB (green bars)
and post-PNB (pink bars) for the right manual motor region; (D) significant regions of difference and their associated effect sizes
between the PNB and post-PNB conditions for the left manual motor region. Y-axis (3 values reflect standardized Fisher r value—
transformed differences between conditions for each significant seed-to-voxel cluster (i.e., condition-wise effect sizes). Error
bars reflect parameter estimate 90% Cls. Montreal Neurologic Institute coordinates below each set of condition bars are the
spatial location of the cluster maxima in each significant seed-to-voxel cluster, while verbal descriptors of the cluster maxima
spatial location are given above each set of condition contrast bars.
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noted in our within-condition examination of ROI seed-to-
voxel RSFC after behavioral recovery of PNB (post-PNB),
there were numerous regions in the primary and secondary
visual cortices that were observed to have greater RSFC with
the left sensorimotor ROI during PNB recovery than during
active PNB (e.g., precuneus, right/left lateral occipital corti-
ces, and right/left lingual gyrus regions; table 2, fig. 3D). No
regions exceeded multiple comparison correction statistical
thresholds of direct contrasts between pre-PNB and post-
PNB conditions for the left and right motor seeds.

Discussion

This study investigated the effects of TFD through supra-
clavicular PNB on regional and global RSFC (i.e., intrin-
sic FC) in healthy human participants before PNB, during
active PNB, and during PNB recovery. The results demon-
strated transient disruption of interhemispheric RSFC of
the left and right manual motor regions but preservation of
intrahemispheric RSFC of these regions during PNB. Addi-
tionally, there was increased RSFC between the left motor
ROI (PNB-affected area) and bilateral higher order visual
cortex regions (precuneus, lingual gyrus, and superior lateral
occipital cortex) after behavioral PNB recovery. These results
illustrate the iz vivo changes occurring in sensorimotor func-
tional brain networks during PNB as used in clinical practice
and provide evidence that PNB has features consistent with
other models of deafferentation, making it a potentially use-
ful approach to investigate interhemispheric plasticity.

Preservation of intrahemispheric intrinsic connectivity
is in accordance with previous studies in deafferentated rats
subsequent to brachial plexus transection®® and deafferen-
tated humans after brachial plexus injury,?* stroke,?” or sur-
gical transection of the corpus callosum (callosotomy).*> The
current study, however, demonstrated for the first time in
healthy human adults that zzzerhemispheric plasticity can be
induced in the RSFC brain network utilizing deafferentation
through a transient and reversible PNB model used in clini-
cal practice and subsequently imaged utilizing fMRI. Addi-
tionally, these results suggest that induced 7nterhemispheric
plasticity may extend beyond the clinically detected duration
of TFD. In light of recent evidence in stroke-affected?”-¢
and nerve-injured patients’*” demonstrating RSFC to be
a predictor of functional recovery and outcome, this model
may prove extremely useful to further evaluate this relation-
ship in both healthy and stroke-affected or nerve-injured
individuals. Ongoing research by the authors is investigating
whether measures of induced plasticity associated with PNB
may provide additional prognostic value in neurologically
impaired subjects.

This study and others utilizing fMRI are proving to elu-
cidate interhemispheric networks, the associations and inter-
actions therein, and the result of injury to such networks on
functional outcome. For example, Van Meer et 4/.>° demon-
strated that functional recovery after stroke is associated with
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extensive functional and structural remodeling throughout
the bilateral sensorimotor network. This included reinstate-
ment of interhemispheric neuronal signal synchronization.
Corbetta et al*® provided evidence that interhemispheric
imbalance of task-driven responses is observed at the acute
stage after stroke and correlates with visual neglect. Carter
et al”” were able to demonstrate that RSFC between homolo-
gous regions of each hemisphere was predictive of behavioral
output and arm function during a task in stroke-affected sub-
jects. Finally, Grefkes ez al* utilizing fMRI demonstrated
that subcortical strokes are associated with decrements in
interhemispheric neuronal coupling at rest, increased inter-
hemispheric inhibition onto the affected M1 motor cortex
during paretic hand movement, and decreased interhemi-
spheric facilitation during bilateral hand movement.

These findings are exploiting maladaptive plasticity and
identifying potential targets for neuromodulatory interven-
tion. For example, TFD of the unaffected hand has been pro-
posed to disrupt interhemispheric inhibition onto the affected
M1 motor cortex, optimizing plasticity for rehabilitation of
paretic hand function subsequent to stroke.**4! Results of
the current study support the mechanism upon which oth-
ers have previously proposed to explain functional and/or
behavioral correlates of TFD, including alterations of body

2042 ephanced hand sensorimotor activation/func-

12,44

schema,
tion,® and improved rehabilitation subsequent to stroke
or peripheral nerve injury.” This study documents disengage-
ment of preexisting transcallosal interhemispheric inhibitory
connections between homologous motor cortices after TFD
through PNB. Both anatomic and functional explanations
support these finding. Anatomically, homologous regions
of the primary motor cortices (M1s) are connected through
transcallosal fibers, and these fibers are inherently inhibitory.
And, functionally, interhemispheric communication between
the two M1s plays a major role in the control of unilateral
hand movements, and the strength of this connection seems
to be dependent on arm activity.*> Currently, the authors are
investigating the idea of neurointerventional regional anes-
thesia as a rehabilitative intervention to promote adaptive
plasticity for hand paresis rehabilitation in stroke-affected
and or nerve-injured individuals.

During PNB recovery, there was enhanced interhemi-
spheric connectivity from the block-affected motor hemi-
sphere to bilateral higher order, motor—visual processing
regions known to be associated with body schema, semantic
memory for manual skills (e.g., tool use), and the perception
of body parts.®® While clinically and behaviorally participants
demonstrated block resolution, subclinical deafferentation
may have persisted. Nonetheless, this enhanced connectivity
during PNB recovery suggests dependence on these areas to
reintegrate the affected or “missing” limb. This finding sup-
ports the investigation by Silva e 4/.,>° which sought to objec-
tively assess the effects of acute deafferentation produced by
regional anesthesia on central sensorimotor representations
using a visual left/right hand judgment task. Silva et al?°
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speculated that the occurrence of perceptive illusions and
impaired hand recognition performance might result from
functional disturbances in sensorimotor representations as
the consequence of the conflicting persistence of feed-forward
motor commands in the absence of proprioceptive and visual
feedback. Results of the current study support modulation of
the sensory—motor integration feedback loop as Silva ez /2
concluded. Previous studies have demonstrated relationships
between deafferentation, vision, and body schema. Induced
postural illusions in amputees using mirrors have allowed the
absent limb to be “reconstructed” from sight,36 and chronically
deafferentated limbs after brachial plexus injury become “pas-
sive entities” excluded from body image,'*3%% despite visual
input. Increased interhemispheric connectivity to higher order
visual cortex areas known to be responsible for sensory—motor

integration, >

including the precuneus, lingual gyrus, and
superior lateral occipital cortex, as demonstrated in this study,
may provide greater insight into these findings.

There are limitations associated with this study. While
supraclavicular PNB is commonly utilized in clinical practice
and minimally invasive to perform, given the potential risks
and transient side effects associated with their use, we limited
the number of participants in this volunteer, nonsurgical pop-
ulation. This was a pilot study; as such there was no power
analysis for a defined primary outcome. Although the sample
size is similar to comparable studies, future longitudinal studies
involving larger groups of subjects at various points along the
aging spectrum are warranted. Additionally, previous work has
questioned whether local anesthetic plasma levels associated
with PNB could induce neuroplasticity.*® While local anes-
thetics readily cross the blood-brain barrier,’! it is unlikely that
plasma concentrations associated with peripheral administra-
tion of chloroprocaine, which is rapidly metabolized, through
PNB*? produced pharmacologically active brain exposure to
confound the mechanism of neuroplasticity in this study.

This study demonstrated for the first time in human
participants, utilizing a PNB model, that TFD disrupted
interhemispheric intrinsic connectivity between homolo-
gous motor regions, while preserving insrahemispheric
connectivity. Additionally, intrinsic FC increased from the
block-affected motor hemisphere to bilateral higher order,
motor—visual processing regions associated with body
schema, semantic memory for manual skills, and the per-
ception of body parts, which persisted beyond the behav-
ioral duration of TFD. Interhemispheric connectivity plays
a critical role in brain function. As such, induced plasticity of
interhemispheric networks has significant experimental and
clinical implications. TFD through PNB presents an attrac-
tive intervention to modulate interhemispheric neuroplasti-
city for future research and/or possible clinical application.
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