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Acute peripheral nerve injury can lead to chronic neuropathic pain. Having a standardized,

non-invasive method to evaluate pathological changes in a nerve following nerve injury

would help with diagnostic and therapeutic assessments or interventions. The accurate

evaluation of nerve fiber integrity after injury may provide insight into the extent of

pathology and a patient’s level of self-reported pain. The aim of this investigation was

to evaluate the extent to which peripheral nerve integrity could be evaluated in an acute

ankle injury cohort and how markers of nerve fiber integrity correlate with self-reported

pain levels in afferent nerves. We recruited 39 pediatric participants with clinically defined

neuropathic pain within 3 months of an ankle injury and 16 healthy controls. Participants

underwent peripheral nerve MRI using diffusion tensor (DTI) and magnetization transfer

imaging (MTI) of their injured and non-injured ankles. The imaging window was focused

on the branching point of the sciatic nerve into the tibial and fibular division. Each

participant completed the Pain Detection Questionnaire (PDQ). Findings demonstrated

group differences in DTI and MTI in the sciatic, tibial and fibular nerve in the injured

ankle relative to healthy control and contralateral non-injured nerve fibers. Only AD

and RD from the injured fibular nerve correlated with PDQ scores which coincides

with the inversion-dominant nature of this particular ankle injuruy cohort. Exploratory

analyses highlight the potential remodeling stages of nerve injury from neuropathic pain.

Future research should emphasize sub-acute time frames of injury to capture post-injury

inflammation and nerve fiber recovery.

Keywords: peripheral nerve imaging, neuropathic pain, pain, ankle sprain, nerve injury

INTRODUCTION

Persistent nociceptive signaling from peripheral nerve fibers can drive pain chronification (1) and
significant reductions in quality of life (2). Injury or disease to pain pathways, occurring either
peripherally or centrally, are defining features of neuropathic pain (3) and result in diffuse changes
throughout the body and brain (4). Importantly, the symptoms of allodynia and hyperalgesia in
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persons with neuropathic pain (5) highlight the potential of
focal nerve-related changes that may be a source of augmented
nociceptive drive. It remains unclear the extent to which
peripheral nerve fiber integrity is compromised in persons with
neuropathic pain from ankle injury and how this is related to
self-report levels of pain.

Trauma and disease to peripheral afferent pain fibers
compromises nerve fiber integrity. Small fiber neuropathies can
be evaluated using a range of techniques; however, there is no
current gold standard for diagnosis (6). Current methods for
quantitative evaluation of peripheral afferent pain fibers include
electromyography and microneurography (7) or skin biopsy
(8) for small nerve fibers. These methods require significant
time and skill on the part of the evaluator and are not
necessarily objective in nature. Nerve trauma to the axons
(9) and also overlaying epineurium, and internal perineurium
of myelin sheaths may be critical factors in the acute to
chronic transition of neuropathic pain (10). Recent advances
in magnetic resonance neurography reflect a promising role
for diffusion tensor imaging (DTI) and magnetization transfer
imaging (MTI). In particular, DTI reflects a standardized and
reproducible approach that can be translated to the clinic (11).
Investigations evaluating DTI in the peripheral nerve have shown
strong reliability as well as reproducibility (12). Clinically, use
of DTI in peripheral nerve fibers have shown changes after
crush injury and traction showing significant changes in FA
measures (13). Variability in MTI is associated with changes in
myelin levels (14) and has been used in spinal cord imaging (15)
and peripheral nerve (16). The use of peripheral neurography
represents a non-invasive and sensitive measure for evaluating
nerve fiber integrity.

Stretch injuries associated with ankle sprains can result in
neuropathic pain because damage results in nerve traction or a
hematoma in the epineural sheath (17). Following ankle sprain,
20–80% of patients have an ankle injury that involves the tibial
or fibial (18) divisions of the sciatic nerve. While most recover
in the months following the injury, 10–30% continue to have
neuropathic pain over time (19). To date, it is unclear to what
extent structural changes in peripheral nerves can be observed
after an ankle injury, and the extent to which they correlate
with self-reported levels of pain. In this study we sought to
evaluate the extent to which (i) differences in peripheral nerve
integrity could be evaluated using DTI and MTR neurography
in persons with neuropathic pain from ankle injury, (ii) changes
in nerve fiber integrity could be observed in ipsilateral and
contralateral nerve divisions (sciatic, tibial, fibular), and (iii)
nerve fiber integrity is correlated with self-reported pain ratings.
We elected to explore the impact of sex and time since injury
in study findings. We hypothesized that altered nerve integrity
as measured by fMRI would provide an objective correlate of
the nerve damage from the ankle injury; that such changes
that would parallel the patients subjective measures and be
a useful marker for treatment efficacy; and that subclinical
changes (that may be more sensitive to reinjury) could be seen
over time.

METHODS

Human Subjects
The study was approved by the ethics board at the Boston
Children’s Hospital and subject experimentation was consistent
with human pain studies noted in the Declaration of Helsinki.
This study recruited participants from Boston and surrounding
areas and was part of a larger investigation evaluating central
and peripheral nervous system changes in pediatric subjects
with neuropathic pain. A total of 39 patients with lower
extremity pain and 16 age/sex-matched healthy controls were
recruited. Inclusion criteria was otherwise healthy individuals
ages 10–24 who present with a unilateral lower extremity
injury and evidence of neuropathic pain as confirmed through
medical evaluation by a project-affiliated physician. Exclusion
criteria included: claustrophobia, significant medical problems
(e.g., uncontrolled asthma, seizures, cardiac disorder), drug
use (e.g., opioids, marijuana), psychiatric problems (e.g., active
suicidality), and other neurological disorders, pregnancy and
any device or medical concern that would preclude an
individual being scanned using an MRI (e.g., metalic implant,
exceeding weight limit of scanner). Patients were recruited from
the Boston Children’s Hospital Division of Sports Medicine,
Emergency Department, and Department of Orthopedic Surgery.
They were contacted about the study through participating
physicians (AL) during their clinical appointment or a member
of the research team via a letter that was mailed home
along with an opt-out card. Healthy controls were recruited
from the Boston community through advertisements and
postings. All participants were compensated for their time. A
detailed neurological examination was performed to ensure that
subjects were otherwise healthy. All participants underwent a
neurological evaluation as part of intake and were administered
the Pain Detection Questionnaire [PDQ; (20)] at the time of
study visit to determine the level of pain reporting.

Imaging
The scans were performed on a 3T Siemens Trio scanner.
Imaging was performed using a 15-Channel knee coil. All
subjects underwent conventional MRI scans (T1- and T2-
weighted scans), reduced Field-of-View DTI, and MTR scans.
The field of view was positioned using a standardized location
over the knee (10 cm) using the upper border of the patella
as an anatomical reference (Figure 1). The total imaging time
was ∼30min for DTI and MTR acquisitions for each leg. DTI
scanning parameters included: 20 diffusion directions, b = 750
s/mm2, voxel size= 0.8× 0.8× 5 mm3, axial slices= 28, TR/TE
= 5,200/103ms, and 3 averages. MTI parameters included:
frequency offset= 1,200Hz, pulse duration= 9,984µs, voxel size
= 1.3 × 0.9 × 5 mm3, axial slices = 28, TR/TE = 1,190/4.37ms,
flip angle = 20◦, bandwidth = 380 Hz/Px, and 2 averages. On
and Off-Resonance frequency pulses were applied with MTR
calculated as the mean ratio of MTR-On to Off sequences.
Data analysis was performed using Olea SphereTM V2.3 (Olea
Medical R©). The sciatic nerve was localized using T2-weighted

Frontiers in Pediatrics | www.frontiersin.org 2 September 2021 | Volume 9 | Article 656843

https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles


Holmes et al. Peripheral Neurography of Neuropathic Pain

FIGURE 1 | Field of view. Images of an exemplar subjects are shown demonstrating the field of view taking from the anterior-posterior and medial-lateral position.

Yellow box indicates the field of view of the diffusion and MTR analyses that contains the three nerve divisions evaluated. For each nerve division, we performed

slice-wise regions of interest that were drawn on axial slices.

FIGURE 2 | Regions of Interest using Diffusion Tensor Imaging and Magnetization Transfer Ratio Imaging. Exemplar slices from a healthy control are used to show

each of the evaluated nerve divisions on the representative T2 weighted scan and their corresponding diffusion weighted scan and using Magnetization Transfer Ratio

Imaging. S, Sciatic Nerve; F, Fibular Nerve; T, Tibial Nerve.

images. The b0 image was segmented using the Olea auto-adjust
segmentation tool. Regions of interest were drawn manually
on axial slices at the sciatic, tibial and fibular nerves using the
segmented b0 diffusion images and the T2 weighted images as
reference. All slices from the field of view were divided into either
sciatic, tibial or fibular nerve. Fractional anisotropy (FA), mean
diffusivity (MD), radial diffusivity (RD), axial diffusivity (AD),
were extracted to evaluate the degree of isotropic motion of water
within nerve segments, and therein characterize the integrity of
white matter architecture (17).

Co-registration of b0 diffusion and MTR images was
performed and values were reported for each nerve and reflect

relative differences in factors such as myelination (14). We
collected two independent sequences of DTI and MTI scans.
Two-dimensional regions of interest were drawn on each imaging
slice using the axial plane within the field of view. Regions
of interest are shown for both diffusion weighted imaging
and magnetization transfer ratio imaging (Figure 2). Multiple
slices were acquired from each nerve bundle above and below
the bifurcation of the sciatic nerve into the tibial and fibular
divisions. Two metrics were extracted from each region of
interest: Mean, reflecting an average of all within ROI values and
standard deviation of all values within a given region of interest
were calculated.
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TABLE 1 | Descriptive statistics.

Control Ankle injury

Biological sex

Male 8 17

Female 8 22

Age

17.56 (4.15) 16.36 (3.35)

Ankle injury status

None 16 0

Right (inversion

/evervsion)

0 21 (8/4)

Left (inversion

/eversion)

0 18 (10/5)

Time since injury (days)

- 31 (IQR: 24;

Range: 13–92)

Pain detection questionnaire 0.56 (0.96) 6 (IQR: 5;

Range: 0–19)

Mean values are presented alongside standard deviations for group demographics and

the Pain Detection Questionnaire. Inv, Inversion; Eve, Eversion.

Statistical Analysis
Chi-square was used to assess group differences in categorical
variables. Multivariate general linear model analysis was
conducted using SPSS Statistics. Multivariable regression analysis
using Generalized Estimating Equations (GEE) modeling was
performed in order to determine the independent association
between leg dominance and group (patient vs. control) adjusting
for age, sex, number of available scans, and time since injury as
covariates. Adjusted differences between patients and controls,
95% confidence intervals and p-values are presented. We
also performed ROC analyses and provide AUC values when
comparing nerve fiber parameters between injured nerve fibers
and contralateral controls, and health control values. Correlation
analysis was assessed between level of pain reported on the
Pain Detection Questionnaire, time since injury and nerve fiber
integrity (DTI and MTR metrics). Stata version 16 was used
for statistical analysis (Stata Corp LLC, College Station, Texas).
Two-tailed p < 0.05 with Bonferroni adjustment was used as the
criteria for statistical significance (21).

RESULTS

Group demographics are outlined inTable 1. There was no group
difference in terms of age t(53) = 1.128, p = 0.265, or in the
representation of males and females in the two groups, chi square
= 0.188, p= 0.66. All participants were deemed to have clinically
confirmed neuropathic pain from the study physician. Ankle
injury was the result of sport, and non-sport related events and
did not exceed a grade 2 injury (i.e., there were no complete
avulsions). There was a significant increase in reporting of pain
symptoms on the Pain Detection Questionnaire for the ankle
injury cohort, t(52) = 8.93, p < 0.001.

The total number of regions of interest were 3,335 which
was divided into Sciatic (n = 1,636), Tibial (n = 848) and
Fibial (n = 851). Group contrasts for each nerve division are

outlined in Table 2 and Figure 3. Comparing healthy controls
relative to non-injured legs showed differences in FA, as well as
mean and axial diffusivity. Diffusivity findings from the injured
leg of ankle injury participants were found to be significantly
different from healthy controls in terms of mean, radial, and axial
diffusivity (p < 0.001). Changes in diffusion and MTR metrics
were observed when comparing non-injured with injured legs
within the ankle injury cohort. Greater levels were found for FA
(Sciatic, Tibial) as well as variance in FA (Sciatic, Tibial, Fibular),
Radial (Fibular), Axial (Fibular), and Mean (Fibular) diffusivity.
Measures showing higher levels in the injured relative to non-
injured legs were found for Radial (Sciatic, Tibial), Axial (Sciatic,
Tibial) and Mean (Sciatic, Tibial) diffusivity and MTR (Fibula)
as well as variance in Axial diffusivity (Tibial) and MTR (Tibial).
Exploring the effect of biological sex showed that greater mean
levels were found in tibial and fibular nerve division for radial,
axial and mean diffusivity in males than females (p < 0.001) as
well as greater within slice variance in females (p= 0.032).

Correlation analysis showed that the PDQ scores were
correlated with the AD (r = 0.176, p = 0.389) and MD (r =

0.234, p= 0.250) from the fibial nerve (Figure 4). However, both
correlations did not survive after controlling for time since injury
(AD: r = 0.176, p = 0.389; MD: r = 0.234, p = 0.250). Findings
from the AUC analysis showed that the highest AUCs were found
when comparing a participants injured leg to their contralateral
control with the highest value found for FA in the Fibial Nerve
(see Table 3).

We performed an exploratory analysis using time since injury
to understand temporal variation in our acute time window. As is
shown in Figure 5, all imaging variables appeared to show a time-
sensitive pattern. This was found for both diffusion weighted
and magnetization transfer imaging variables where in a sub-
acute (<30 days) time window, axial, radial and mean diffusivity
all decreased and then return to levels approximating that of
healthy controls. Opposite findings were found for FA as well as
MTR values.

DISCUSSION

In prior investigations, we demonstrated imaging changes of the
diffuse nature of neuropathic pain in the PNS and CNS (4).
Here we extend these findings in a mixed cohort of patients with
left and right ankle injury. The main findings were (1) changes
in nerve fiber integrity evinced by DTI and MTR in ipsi- and
contralateral nerve fibers to the site of injury, (2) a correlation
between DTI from the injured fibular nerve and PDQ, and (3) a
pattern of changes in nerve fiber integrity suggesting a sub-acute
time window for nerve pathology.

Peripheral Fiber Neurography
Ankle injury participants were confirmed to be in a neuropathic
pain state based on a clinical examination that used one or more
features of neuropathic pain (22). Comparing data from the
affected limb to healthy controls demonstrated group diffrences
in the tibial and fibular nerve divisions. All of these comparisons
reflected greater levels of RD, MD, and AD in the affected limb
suggesting a less restricted diffusion environment. This aligns
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TABLE 2 | Peripheral nerve data.

Sciatic nerve Tibial nerve Fibular nerve

HC – ANNI HC – ANINJ AN NI – AN INJ HC – ANNI HC – ANINJ AN NI – AN INJ HC – ANNI HC – ANINJ AN NI – AN INJ

Diffusion tensor imaging

FA_M AD −0.06 ** −0.029 0.029*** −0.003 0.044 0.063* 0.008 0.037 0.029

(CI) (−0.1, −0.02) (−0.072, 0.015) (0.014, 0.044) (−0.054, 0.047) (−0.039, 0.126) (0.021, 0.104) (−0.052, 0.068) (−0.026, 0.099) (−0.001, 0.059)

FA_SD AD −0.009 0.005 0.009** −0.009 0.014 0.019* −0.008 0.015 0.023*

(CI) (−0.024, 0.006) (−0.008, 0.018) (0.002, 0.015) (−0.032, 0.015) (−0.023, 0.052) (0.001, 0.037) (−0.039, 0.022) (−0.021, 0.05) (0.009, 0.039)

RD_M AD 3.53 1.02 −2.22*** −2.36 −9.3*** −4.13* −6.13*** −6.44*** 0.92

(CI) (−0.64, 7.69) (−3.42, 5.45) (−3.29, −1.15) (−6.12, 1.4) (−13.3, −5.2) (−7.28, −0.96) (−8.77, −3.49) (−9.49, −3.4) (−1.55, 3.4)

RD_SD AD −50.8 −52.5 −0.7 −1.53 −1.17 −1.04 −12.7 −9.97 1.87 *

(CI) (−126.6, 25) (−130.6, 25.6) (−1.44, 0.03) (−4.58, 1.53) (−5.67, 3.33) (−2.6, 0.52) (−29.9, 4.57) (−31.5, 11.6) (0.47, 3.27)

AD_M AD 0.014 −2.9 −3.14*** −2.6 −13*** −4.99* −9.1*** −7.91*** 2.84

(CI) (−8.25, 8.28) (−11.7, 5.9) (−4.57, −1.72) (−14.1, 8.92) (−18.5, −7.5) (−9.37, −0.62) (−12.6, −5.6) (−12.05, −3.78) (−0.27, 5.6)

AD_SD AD −91.4 −84.2 0.05 −3.13 −3.26 −2.32* −146 −179 2.82***

(CI) (−226, 43.8) (−220.5, 52) (−0.77, 0.87) (−7.06, 0.81) (−8.64, 2.12) (−4.44, −0.2) (−448, 156) (−553, 194) (1.11, 4.53)

MD_M AD 2.65 −0.26 −2.55*** −7.89*** −11.0*** −4.52* −6.9*** −6.72*** 1.41

(CI) (−2.94, 8.24) (−6.23, 5.7) (−3.73, −1.37) (−10.4, −5.39) (−15.5, −6.5) (−7.96, −1.08) (−9.8, −4) (−10.08, −3.37) (−1.21, 4.03)

MD_SD AD −0.43 −0.43 −0.47 −1.9 −1.65 −1.46 −101 −125 2.2**

(CI) (−3.05, 2.2) (−2.8, 1.93) (−1.21, 0.27) (−5.11, 1.31) (−6.22, 2.91) (−3.1, 0.19) (−315, 112) (−390, 140) (0.73, 3.68)

Magnetization transfer ratio

MTR_M AD 0.008 −0.24 −0.58 1.26 0.69 −0.67 1.67 0.31 −1.63*

(CI) (−3.03, 3.04) (−2.98, 2.5) (−1.28, 0.11) (−1.27, 3.78) (−1.42, 2.81) (−1.88, 0.54) (−2.01, 5.34) (−4.02, 4.63) (−3.14, −0.13)

MTR_SD AD 0.019 −0.03 0.21 −0.34 −0.34 −1.0* −1.52 −0.89 −0.09

(CI) (−2.24, 2.28) (−2.38, 2.31) (−0.24, 0.66) (−2.75, 2.08) (−2.9, 2.23) (−1.84, −0.16) (−3.54, 0.5) (−2.06, 1.27) (−0.95, 0.78)

M, mean values within imaging slices and SD reflects standard deviation within a slice. Groups are compared based on diffusion tensor imaging and magnetization transfer ratio imaging

with adjusted difference values reported. *p < 0.05, **p < 0.005, ***p < 0.001.

HC, Healthy Control; ANNI, Ankle No Injury; ANINJ, Ankle Injury.

with observations of inflammation after injury (23, 24) and
the degenerative phase following peripheral nerve injury (25).
Comparing the affected vs. unaffected limb, a similar trend is
observed where the affected limb has less restricted diffusion.
Notably, the fibular nerve showed greater MTR levels in the
affected vs. unaffected limb, suggesting greater tissue presence
in the former that may be the result of fibrotic thickening
with scar tissue formation (26) rather than remodeling which
would be seen with a decrease in MTR (27). It is notable that
findings from this nerve fiber division also showed a unique trend
with greater variability in within slice AD, RD, and MD, again
possibly owing to local heterogeneity in cellular composition.
AUC analyses also underscore the fibular nerve as the region
with greatest potential to differentiate cohorts, with highest levels
coming from comparisons with contralateral nerves, rather than
nerve fiberes from healthy controls. Importantly, these values
are relatively low overall which may be impacted by the current
sample size. Interestingly, there were some group differences
between healthy controls and the unaffected leg. As shown in
patients with complex regional pain syndrome, nerve pathology
can be diffuse and so bilateral nerve fiber changes are possible
[e.g., (28)]. However, it may be that these simply reflect inter-
subject differences that do not reflect a pathological state, or the
result of a biomechnical adaptation where patients rely more
heavily on the unaffected leg. Based on earlier observations

from our lab (4) intra-subject comparisons may reflect non-
pathological processes such as dominance of nerve fibers, which
was controlled for alongside other known mitigating variables.
As such, we suggest that findings of group differences in the non-
affected side either reflect a progression of neuropathic pain or
form of biomechnical adaptation that should be confirmed in
future longitudinal work.

Objective (Nerve Changes) and Subjects
(Pain) Measures
Clinical features of neuropathic pain represent a broad
disregulation of normal sensory functioning (22). Features such
as allodynia and loss of sensation can be present and are captured
in the PDQ which is a standard clinical tool for assessing
neuropathic pain. In the evaluated cohort, patients showed
elevated reporting on the PDQ, consistent with an increased
reporting of pain stemming from their ankle (left or right) injury.
To minimize the number of statistical comparisons, participant
scores on the PDQ were correlated with nerve fiber integrity
from the affected (rather than unaffected) leg as the injury site
is where PDQ scores were scored. Significant correlations were
observed in the fibular nerve of the injured legs for AD and
MD and self-reported pain levels (i.e., PDQ). Although both
correlations were relatively weak and no longer significant after
controlling for time since injury, it is interesting to note that
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FIGURE 3 | Nerve fiber integrity using adjusted difference scores. Findings from the three nerve fiber divisions (Fibula, Tibia, Sciatic) are presented for each cohort

(Healthy, Ankle – Injury, Ankle – No Injury) in terms of the within slice average values. Error bars reflect standard deviations. *Denotes statistical significance for the

between group comparison. MTR, Magnetization Transfer Ratio Imaging; HC, Healthy Control; ANKNI, Ankle No Injury; ANKINJ, Ankle Injury.

FIGURE 4 | Correlations between pain reporting and imaging. The significant correlations are plotted between axial and mean diffusivity of the injured fibular nerve.

PDQ, Pain Detection Questionnaire.

the nerve specificity may correspond with the more frequent
reporting of inversion sprains that would put tension on the
nerves innervating the lateral component of the ankle (i.e., fibular
division). Moreover, a negative correlation between MD and

AD with PDQ scores may highlight the presence of axonal
damage that restricts water diffusion (29). As to why we didn’t
observemore correlations between nerve fiber characteristics and
pain reporting we present three explanations. First, the use of
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psychometrics relies heavily on accurate self-reporting as well
as test sensitivity and specficity. Prior reports on the sensitivity
and specificity for the PDQ have shown a relatively high level
of performance with 85 and 80%, respectively (28), which
should be factored into any interpretation. Second, findings
may reflect the presence of sub-clinical levels of pathology.
That is, there may be sufficient pathology to observe differences
in nerve fiber integrity; however, insufficient to drive active
pain reporting. We have shown in a previous publication (4)
that peripheral nerve fiber pathology is associated with changes
in brain structure and function suggesting that some degree
of central sensitization (1) may have occurred in the current
cohort. Thirdly, the variable time since injury may reflect
different periods that have distinct relationships between the
extent of pathology and behavior. We explore this further in
the next section. Together, findings support the presence of
altered nerve fiber integrity in persons with clinically confirmed
neuropathic pain that may correlate with self-reported pain
levels. These findings provide support for the application of
peripheral nerve imaging (1) in a neuropathic pain diagnosis,
(2) in clinical populations with difficulty expressing pain
symptoms, and (3) to understand the neurobiological basis of
pain progression and adaptation throughout the nervous system.

Temporal Measures: Nerve Metrics
Participants were on average 37 days after their injury which
ranged from 13 to 92 days. After observing that pain reporting
was significantly and negatively correlated with time since injury
we divided our ankle injury cohort into an acute (>30 days
since injury) and sub-acute (<30 days since injury) group
(see Figure 5). This timeline is notable as a peak in nerve
permeability has been observed around the 4–7 day period as
the peak of the acute inflammatory response (30, 31) with a
second spike in permeability around 4 weeks after transection
in mice (30). As such, this assigned time window should
not obscure biological windows of the inflammatory response

resulting from wallerian degeneration. From this analysis, we
can observe three unique features. First, the sub-acute window
appears to present a transitory, period with unique nerve fiber
characteristics from diffusion and MTI data. Second, there is
evidence of increased restriction from axial, radial and mean
diffusivity which may align with the increase influx in calcium
ions during wallerian degeneration targetted at sealing axons that
have been damaged (32). Thirdly, we see evidence of changes in
the relative concentration of water and a semi-solid molecules
(e.g., myelin) (33), which likely reflects a decrease in available
water in the area from the changes in nerve permeability.
This would align as well with the findings from FA, where
greater relative restriction in the secondary and tertiary eigen
vectors (contributing toward radial diffusivity) than the primary
(axial diffusivity) will result in an increase in FA. Notably, the
timecourse of resolution is mediated by a highly complex series
of events (34, 35), and the current analysis was not powered to
objectively evaluate this research question. Future work more
focused on longitudinal monitoring of patients is required to
evaluate this hypothesis.

TABLE 3 | Area under the curve.

Injured nerve to

contralateral control

Injured nerve to

healthy control

Fibial Tibial Sciatic Fibial Tibial Sciatic

Fractional anisotropy 0.665 0.576 0.563 0.532 0.546 0.41

Radial diffusivity 0.402 0.422 0.377 0.456 0.406 0.565

Axial diffusivity 0.45 0.438 0.377 0.462 0.452 0.542

Mean diffusivity 0.418 0.423 0.373 0.448 0.404 0.567

Magnetization transfer ratio 0.492 0.503 0.516 0.513 0.542 0.519

The AUC was calculated for comparing a participatns injured leg relative to their

contralateral control and for comparing an injured nerve to a healthy control participant.

Values are provided for the mean data for DTI and MTR metrics.

FIGURE 5 | Time since injury and nerve fiber integrity. An exploratory and qualitative analysis was performed where ankle injury participants were divided into those

who were within 30 days from injury (sub-acute; gray panels) and those between 30 days and 3 months (acute) highlighting a sub-acute phase of nerve fiber damage.

Reported data reflect average within slice values for each imaging modality.
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Caveats
There are a few caveats to consider: (1) Inter- and intra subject
variability in nerve fiber characteristics: One major caveat of
comparision of affected vs. unaffected legs is that there is a
natural laterality of nerve differences between dominant and
non dominant limbs. This was controlled for statistically in the
current investigation; however, it is possible that other natural
source of variability occur. It is important to establish normative
data sets for such reasons. (2) Participant heterogeneity: The
timeline of injury with the included patient cohort varied from
15 to 110 days and was focused on the “Acute” time window.
Notably, this may still have included significant variability in the
underlying group comparisons. Evidence for this was found in
post-hoc analysis showing how diffusion and MTRmetrics varied
as a function of time. It will be imperative for future research
to draw shorter time windows and develop participant specific
models for nerve fiber resolution. (3) Body mass index. The
current study did not include any measure of BMI. This would
have allowed furthe interpetation of peripheral nerve changes
and the adaptive or maladaptive characteristics. Future research
will include BMI for all participants. Temporal changes: In our
cohort we could define the timeline for the injury; however,
we lacked within participant temporal data that could inform
discussion on resolution or persistence of changes in nerve fiber
integrity. This work is currently underway in our laboratory.
(4) Effect of Medications: Most patients were on some form of
medication acutely; however, our sample size did not permit
accurate evaluation of the impact of medication on nerve fiber
characteristics. (5) MTR sequences. Current sequences did not
perform fat saturation which may have greater impact on smaller
nerve fibers like the tibial and fibular nerves than larger bundles
including the sciatic. Use of newer sequences that integrate fat
saturation may help improve image quality (6) Sample size. The
current study was part of a larger study evaluating central and
peripheral nervous system changes in persons with neuropathic
pain. The healthy control cohort was smaller than the clinical
cohort because we anticipated a relatively lower level of variance
in DTI and MTR attributable to the absence of trauma. In the
current investigation, we were able to achieve a power of 0.67;
however, larger cohorts in future investigations may increase this
power to evaluate temporal characteristics of nerve fiber changes
and improve AUC analysis.

Conclusions
Peripheral nerve fiber integrity is compromised and shows
evidence of a more restricted diffusion environment in persons
with clinically confirmed neuropathic pain. Findings showed
evidence to suggest the presence of different patterns of
nerve repair including scar tissue formation and a sub-acute
time window where all DTI and MTR variables showed
similar patterns of variability. The application of magnetic
resonance neurography to evaluate patients with suspected
neuropathy is reliable and highlights differences that may
inform clinical evaluation. Future investigations aimed at
improving clinical decision making will benefit by integrating
peripheral neurography with central measures of nociception and
pain perception.
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