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Abstract

Background and purpose

Clinical comparisons do not usually take laterality into account and thus may report errone-
ous or misleading data. The concept of laterality, well evaluated in brain and motor systems,
may also apply at the level of peripheral nerves. Therefore, we sought to evaluate the extent
to which we could observe an effect of laterality in MRI-collected white matter indices of the
sciatic nerve and its two branches (tibial and fibular).

Materials and methods

We enrolled 17 healthy persons and performed peripheral nerve diffusion weighted imaging
(DWI) and magnetization transfer imaging (MTI) of the sciatic, tibial and fibular nerve. Partic-
ipants were scanned bilaterally, and findings were divided into ipsilateral and contralateral
nerve fibers relative to self-reporting of hand dominance. Generalized estimating equation
modeling was used to evaluate nerve fiber differences between ipsilateral and contralateral
legs while controlling for confounding variables. All findings controlled for age, sex and num-
ber of scans performed.

Results

A main effect of laterality was found in radial, axial, and mean diffusivity for the tibial nerve.
Axial diffusivity was found to be lateralized in the sciatic nerve. When evaluating mean MTR,
a main effect of laterality was found for each nerve division. A main effect of sex was found
in the tibial and fibular nerve fiber bundles.

Conclusion

For the evaluation of nerve measures using DWI and MT], in either healthy or disease
states, consideration of underlying biological metrics of laterality in peripheral nerve fiber
characteristics need to considered for data analysis. Integrating knowledge regarding
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biological laterality of peripheral nerve microstructure may be applied to improve how we
diagnosis pain disorders, how we track patients’ recovery and how we forecast pain
chronification.

Introduction

Laterality is a biological state that may confer a preference for function of one side of the body
vs. the other that occurs across mammalian species. In humans, lateralization of the left-brain
hemisphere in functions such as speech, sensory and motor function, and language is observed
in over 90% of individuals [1-3]. Lateralization of brain functions is linked to certain risk fac-
tors for addiction [4] and is a proposed means of optimizing brain performance [5] that may
show a decline with age [6]. Such findings evince the behavioral and evolutionary advantages
towards laterality of brain regions and neural networks in the central nervous system; however,
it remains unclear if similar properties are observed in peripheral nerve fibers.

Peripheral nerve fiber conduction speed shows evidence of lateralization. Evaluations of
peripheral nerve fibers is relevant for optimizing evaluation of clinical conditions such as small
fiber neuropathies, myelinopathies, and other conditions that interrupt or attenuate the con-
duction of nerve signals. Beyond effects of age [7], prior investigations have evaluated the
concept of laterality in peripheral nerve function and shown evidence to suggest bilateral dif-
ferences in nerve fiber dynamics with potential domain specificity. For example, laterality dif-
ferences in nerve fiber conduction speed along sensory nerve fibers have been observed [8, 9];
however, similar evaluations along motor neurons have observed no evidence of laterality [8,
10, 11]. More recently, the use of magnetic resonance imaging indices such as Diffusion Ten-
sor Imaging (DTI) [12-16] as well as magnetization transfer ratio (MTR) imaging [17], have
allowed for rapid evaluation of peripheral nerves in health and disease, producing reliable
markers of nerve fiber integrity [16]. Findings restricted to FA and ADC have shown no evi-
dence of lateralization in the sciatic nerve [18, 19]. However, these metrics are limited in their
potential to comment on the microstructural properties of nerve tissue and may overlook vari-
ance attributable towards myelination, neurofilament density or edema, especially as nerve
fibers further subdivide.

The sciatic nerve is the largest nerve in the human body and divides into the common pero-
neal/fibular and tibial branches. While an extensive literature exists on differences in muscle
strength on lateralization [20-24], lateralization of the sciatic nerve and its branches has
received a paucity of attention. Given that there are differences in muscles, it would be logical
to expect differences in laterality of the sciatic nerve and its branches based on increased mus-
cle use/load. In this paper we sought to define if (a) there was any evidence of laterality in any
of the three nerve fiber bundles; and if so, (b) what DTI and MTR indices may be altered as
measures of nerve fiber integrity. We hypothesized that there would be laterality differences in
DTI and MTR metrics that would align with body side.

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 the Boston and surrounding areas. A total of 17 healthy
controls were recruited. All individuals self-identified as right hand dominant with exception
of one participant who reported being left-handed. Participants were grouped according to
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hand dominance. Inclusion criteria were healthy individuals aged 10-25. Exclusion criteria
included: claustrophobia, significant medical problems (e.g., uncontrolled asthma, seizures,
cardiac disorder), psychiatric problems, and other neurological disorders, pregnancy and any
device or medical concern that would exclude subjects from having an MRI (e.g., magnetic
implant, exceeding weight limit of scanner). Healthy controls were recruited from Boson and
the surrounding areas through advertisements, and postings. All participants were compen-
sated for their time. A detailed neurological examination was performed to ensure that subjects
were otherwise healthy.

Peripheral nerve imaging

Imaging acquisition. The scans were performed on a 3T Siemens Trio scanner located at
Boston Children’s Hospital —Waltham. 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 MTT scans. The total imaging time was approximately 30 minutes for DTI
and MTT acquisitions for each leg. DTI scanning parameters included: 20 diffusion directions,
b = 750 s/mm?, voxel size = 0.8x0.8x5 mm?>, axial slices = 28, TR/TE = 5200/103 ms, and 3
averages. Both scans were entered into the executed analyses. MTI parameters included: fre-
quency offset = 1200 Hz, pulse duration = 9984s, voxel size = 1.3x0.9x5 mm?, axial slices = 28,
TR/TE = 1190/4.37ms, flip angle = 20°, bandwidth = 380Hz/Px, and 2 averages.

Image processing. Data analysis was performed using Olea SphereTM V2.3 (Olea Medi-
cal™). Regions of interest were drawn manually at the sciatic, tibial and fibular nerves on the
T2-weighted images and were supervised by RB, (see Fig 1). Regions of interest were extracted
to evaluate the degree of isotropic motion of water within nerve segments, and therein charac-
terize the integrity of white matter architecture [25]. Fractional anisotropy (FA), mean diffu-
sivity (MD), radial diffusivity (RD), axial diffusivity (AD), were calculated using the Olea
Sphere software. Magnetization transfer ratio (MTR) values were calculated from the ratio of
on- and off-resonance sequences and reported for each nerve and reflect relative differences in
factors such as myelination [26]. Multiple slices were collected for each nerve division in each
participant. Both mean data as well as variance data were collected from each nerve division
reflecting within slice averages and standard deviations of nerve fiber characteristics.

General statistical considerations

DTI parameters are presented using means and standard deviations stratified by nerve type
(sciatic, tibial and fibular). Leg data was divided based on reported hand-dominance. For
example, if a participant reported to be right-handed, the left leg was contralateral and right leg
was ipsilateral. Multivariable linear regression analysis using Generalized Estimating Equations
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Fig 1. Regions of interest. Overview of how regions of interest were identified in the tibial and fibular nerve divisions
using T2 Weighted Localization, and how the Tibial and Fibular nerves appeared on MTR and DWI sequences.

https://doi.org/10.1371/journal.pone.0260256.9001
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(GEE) modeling with repeated measures was applied to determine the independent association
between leg laterality (ipsilateral vs. contralateral) and each continuous DTI parameter
accounting for multiple scans within each subject adjusting for age and sex as covariates. An
identity link function and Gaussian distribution was used in statistical analysis with compound
symmetry correlation to handle the multiple MRI scans from the same subject. Results from
GEE modeling are presented as adjusted differences between contralateral and ipsilateral legs
with corresponding 95% confidence intervals and p-values. A Bonferroni-adjusted statistical
significance threshold of p < 0.003 (0.05/15) was implemented to minimize the risk of false-
positive results (type I error) due to multiple testing across the 3 nerve types. Statistical analyses
were performed using Stata software (version 15.0, StataCorp LLC, College Station, Texas).

Results

Participants were on average 17.24 years of age (SD = 4.24) and included eight females and
nine males. A total of 1051 slices were used for analysis divided between sciatic (n = 493), tib-
ial, (n = 277) and fibular (n = 281) nerve divisions. Mean values for all DTI and MTI compari-
sons are provided in Table 1. Significant differences were observed for laterality in all three
nerve fiber divisions in terms of mean and variance metrics (see Table 2 and Fig 2). In the sci-
atic nerve, significantly higher mean AD was found in the contralateral nerve bundle whereas
higher mean MTR was found in the ipsilateral nerve bundle. Mean FA and the variance of MD
both approached significance (p<0.05) but were not statistically significant. In the tibial nerve,
higher levels of RD, AD, and MD were found in the contralateral nerve bundle leg and greater
MTR levels were consistently observed in the ipsilateral nerve bundle leg. These findings were
observed for both mean and variance values. For the Fibular nerve, mean MTR was greater in
the ipsilateral than the contralateral nerve bundle.

An exploratory analysis of sex and age was performed. Overall, variance in FA of the sciatic
nerve was the only nerve imaging factor associated with age (adjusted coefficient per year of
age: 0.002; CI: 0.0005, 0.004; p-value: 0.014). For sex, males had higher values of RD, MD, and
AD than females; whereas females had larger values FA in terms of mean and variance than
males.

Discussion
Biological laterality is intimately tied to functional performance. In particular, laterality may

infer a preference that is present in humans for use of one side of the body vs. the other that

Table 1. Raw means and standard deviations from MTI and DWI metrics in each nerve bundle for the contralateral and ipsilateral legs. Mean data as well as vari-
ance data were collected from each nerve division reflecting within slice averages and standard deviations of nerve fiber characteristics.

Sciatic Nerve Tibial Nerve Fibular Nerve
Variable Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral
FA Mean 0.54 (0.14) 0.56 (0.14) 0.42 (0.15) 0.42 (0.14) 0.40 (0.15) 0.40 (0.15)
FA Variance 0.25 (0.03) 0.24 (0.05) 0.23 (0.04) 0.23 (0.04) 0.23 (0.05) 0.22 (0.04)
RD Mean 24.86 (9.87) 25.41 (10.08) 35.43 (18.22) 41.96 (18.11) 35.48 (17.23) 36.73 (18.27)
RD Variance 19.07 (4.67) 20.12 (4.59) 20.90 (5.55) 23.90 (5.21) 22.42 (6.90) 20.36 (5.69)
AD Mean 52.05 (18.25) 57.28 (17.68) 60.76 (25.46) 73.04 (23.22) 56.39 (23.72) 60.03 (24.94)
AD Variance 25.64 (7.11) 27.96 (6.92) 27.93 (7.92) 32.84(7.35) 28.14 (9.46) 27.04 (8.74)
MD Mean 33.54 (12.45) 35.29 (12.50) 43.98 (20.45) 52.15 (19.41) 41.80 (18.84) 44.28 (20.43)
MD Variance 21.20 (5.33) 22.24 (5.39) 23.00 (6.02) 26.40 (5.61) 24.35(7.72) 22.40 (6.58)
MTR Mean 29.19 (6.11) 35.33 (5.70) 38.12 (3.72) 32.60 (3.96) 32.88 (8.39) 36.51 (5.89)
MTR Variance 11.15 (5.36) 10.14 (3.44) 12.64 (3.57) 10.74 (3.48) 11.48 (2.98) 11.55 (2.95)

https://doi.org/10.1371/journal.pone.0260256.t001
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Table 2. Comparison of ipsilateral vs. contralateral legs. Values reflect the mean and variance of within slice parameters.

Comparison of Dominant Leg vs Non-dominant Legs

Sciatic Nerve Tibial Nerve Fibular Nerve
Variable Adjusted difference 95% CI | P value Adjusted difference 95% CI | P value Adjusted difference 95% CI | P value
(Ipsilateral— (Ipsilateral— (Ipsilateral—
Contralateral) Contralateral) Contralateral)
FA mean -0.024 (-0.046, 0.042 0.021 (-0.006, 0.132 0.002 (-0.025, 0.872
-0.001) 0.049) 0.029)
FA -0.009 (-0.018, 0.199 0.008 (-0.004, 0.181 0.007 (-0.007, 0.324
variance 0.004) 0.019) 0.021)
RD mean 0.41 (-1.08, 0.587 -6.12 (-10.31, 0.004* -0.58 (-4.52, 0.769
1.91) -1.93) 3.35)
RD -0.69 (-1.69, 0.178 -3.32 (-4.33, <0.001* 1.43 (-0.28, 0.101
variance 0.31) -2.31) 3.13)
AD mean -2.86 (-5.13, 0.014* -11.77 (-17.48, | <0.001* -2.65 (-8.09, 0.338
-0.59) -6.07) 2.78)
AD -2.84 (-4.09, | <0.001* -6.13 (-7.63, | <0.001" 0.25 (197, | 0822
variance -1.60) -4.64) 2.48)
MD mean -0.3 (-2.02, 0.729 -7.77 (-12.39, 0.001* -1.67 (-5.98, 0.448
1.41) -3.15) 2.66)
MD -1.21 (-2.23, 0.021 -3.99 (-5.04, | <0.001* 1.09 (-0.72, 0.236
variance -0.18) -2.94) 2.9)
MTR 2.11 (1.04, <0.001* 2.46 (1.45, <0.001* 3.56 (1.68, <0.001*
mean 3.19) 3.48) 5.45)
MTR 0.29 (047, | 0451 2.77 (166, | <0.001" 0.26 (-0.79, | 0.627
variance 1.06) 3.87) 1.32)

GEE modeling was used to account for multiple measurements per patient, while adjusting for age, sex and scan number.

CI; confidence interval.

* statically significant p <0.017 (Bonferroni-adjusted).

https://doi.org/10.1371/journal.pone.0260256.t1002
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Fig 2. Nerve fiber integrity. Adjusted differences reflecting ipsilateral measures minus contralateral measures are
plotted with confidence intervals values in the three evaluated nerves. * represents a corrected p-value < 0.003;
***p<0.001 (Bonferroni-adjusted for multiple comparisons).

https://doi.org/10.1371/journal.pone.0260256.g002
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confers an evolutionary and behavioral advantage [6]. While some functions are heavily or
uniquely lateralized such as speech and language, peripheral lateralization of nerve fibers is not
a frequent measure in studies of sensory or motor evaluation. Here we evaluated the micro-
structural integrity of lower extremity nerves in both legs in a cohort of healthy subjects as part
of a larger study following nerve injury due to ankle sprain [25]. The field of view was focused
on the sciatic nerve before and after its division into the tibial and fibular nerve. Differences
based on laterality in DTT metrics were observed in the sciatic and tibial nerves whereas MTR
differences were found in each nerve division.

Differences in laterality of nerve fiber characteristics

Laterality shows an influence on the microstructural integrity of peripheral nerves. Prior
research evaluating peripheral nerve fibers has alluded to possible lateralization based on nerve
function and found inconsistent results. These studies have shown that in functionally domi-
nant nerve fibers, an increase in conduction velocity is observed and is focused on sensory
nerve conduction velocities [26], giving reason to suspect potential changes in nerve structure
as well. Investigations into the sciatic nerve have reported no differences based on laterality
[18, 19] using FA and ADC. Their findings would align with ours in that we also did not
observe a laterality difference in the majority of DTI parameters within the sciatic nerve bun-
dle. However, our work extends their findings suggesting that nerve fiber characteristics
appear to become more unique in more distal divisions of peripheral nerve fibers. Moreover,
greater evidence of a sex effect was observed in the tibial and fibular nerve divisions, further
underscoring the proximal-distal effect. In the current investigation, we show evidence of
increased AD, RD, and MD in the tibial nerve; which points towards an increase in the isotro-
pic nature of water diffusion in contralateral versus ipsilateral nerve fiber bundles [27]. We
also observe similar trends in within slice variability, particularly within the tibial nerve divi-
sion. The reasons for observing a laterality difference-in a healthy cohort-may pertain to a rel-
atively lower presence of microstructural tissue, both within and external to the nerve fiber,
which may be accounted for by factors such as myelination [28], nerve fiber density [29], and
level of edema [30]. This suggests that peripheral nerve DTI may be sensitive to demonstrating
increased myelination of nerve fibers ipsilateral to hand dominance and would be supported
by findings from MTR, where lower MTR values in the contralateral sciatic, tibial and fibial
nerve divisions were observed. Notably, the use of MTR has largely been applied towards
showing changes in level of myelination in myelopathies and is sensitive to attempts of both
de- and remyelination [31]. The consistent findings of MTR across each nerve fiber bundle
would agree with this interpretation. Together, current findings provide a clear demonstration
that there is a unique DTT and MTR profile based on laterality of nerve fibers that may specifi-
cally relate to their level of myelination and level of division.

Functionally mediated differentiation

Differences in characteristics of bodily tissue are functionally mediated. This appears to be
true as well for peripheral nerve fibers. Prior research has proposed that lateralization of the
human brain is functionally based and observed as a means of optimizing behavioral perfor-
mance [5]. This beneficent organization is attenuated with age as neuroplastic mechanisms
become less efficient [6]. It would be logical that this organization of nerve structures following
function is not simply a concept applied towards central rather than peripheral organization
but adopted globally. Indeed, current results would align with this proposal when considering
that more distal structures offer more opportunity for lateralization than proximal structures.
The sciatic nerve, emerging from the sacral plexus of the lumbar and sacral regions of the
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spinal column, innervates muscle structures in the thigh and hips [32]. Alternatively, tibial and
fibular divisions innervate relatively fine motor structures. While the tibial nerve innervates
muscles of the lower leg associated with plantar flexion and locomotion [33], the fibular nerve
innervates muscles implicated in balance and ankle stability [34]. As such, with more opportu-
nity for functional differentiation, there may be greater potential for lateralization. Observing
effects predominately in the tibial, rather than fibular nerves may align with the former inner-
vating muscles used during gait power (e.g., gastrocnemius and soleus) aligning with func-
tional asymmetries observed in prior work and the latter supporting balance, requiring more
symmetry between legs. Findings from the MTR analyses supporting greater myelin in nerve
fibers ipsilateral to the dominant hand align with this functional interpretation as greater mye-
lin levels is associated with greater nerve fiber conductions speed [35, 36]. As such, findings
suggest differences in peripheral nerve fiber laterality may relate to particular nerve divisions
and be functionally mediated as in the brain.

Integrating current findings into future research will be of critical importance as peripheral
nerve imaging is a relatively new and evolving field. In particular, current findings argue that
supporting neuronal architecture is unique to each leg, which merits corresponding investiga-
tions using techniques such as dual-energy x-ray absorptiometry (DEXA) to understand if
nerve fiber characteristics relate to, or mediate muscle and bone structure. Clinically, current
findings support the need to control for which leg is evaluated when attempting to address
peripheral neuropathies from chemotherapy [37], diabetic peripheral neuropathy [38], or
injury [25] on the peripheral nervous system, and urge caution when using contralateral nerve
fibers as internal controls. Moreover, our exploration of study findings underscores a potential
impact of sex, furthering the notion that findings relate to nerve function to support a ‘gener-
ally’ greater muscle mass, as is generally seen when comparing males relative to females [39].

Analytical issues

Technology surrounding peripheral nerve imaging is currently limited. Although preliminary
work has identified factors such as demographics and body type [15] that may mediate periph-
eral nerve fiber characteristics, analytical methods are restrained from basic factors such as
observer bias as we depend on manual segmentation of nerve fibers. Current techniques for
evaluation of nerve fiber health with diffusion weighted metrics is limited to larger nerve bun-
dles based on resolution; however, small nerve fiber distributions can be objectively evaluated
using coarser techniques such as microscopy [40, 41] that provide external metrics such as
fiber counts and degree of arborization. Ideally, the field will proceed towards automation
which will require agreement on acquisition parameters, and analysis tools. Factors that limit
peripheral nerve imaging are focused on imaging off isocenter in the body and therefore
address magnetic field inhomogeneity, motion, fat suppression, aliasing and distortion [13].
Development of higher field MRIs, more sensitive acquisition parameters and radio-frequency
coils for analysis will help transition our ability to evaluate smaller nerve fibers internally with
the same objectivity we apply towards larger nerve fiber groups.

Caveats

There are a few caveats that should be mentioned. In this cohort, we separated groups based
on their self-reported hand dominance. As such, we are limited in our ability to infer the func-
tional dominance of each leg. These will be the subject of future research as we expand our
program on peripheral neurography. Weight and height have been correlated with DTI met-
rics in addition to age in pediatric subjects [42]. Although we did control for age, we did not
record either weight or height and the independent correlation of weight, height and age with
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DTI remains unclear. We proposed a functionally mediated interpretation of peripheral nerve
laterality extending from research into the central nervous system and muscle fiber distribu-
tion. Future research should formally evaluate the congruence of these observations, as well as
evaluate the impact of factors such as age to determine the proximity of our work to that of
Esteves and colleagues [6]. It would be of value both for basic science and clinical research to
begin developing normative data [14, 43] for DTI and MTR parameters in peripheral nerve
tissue.

Conclusions

Lateralization is a concept promoted by the human body to optimize behavioral performance
and is observed across bodily systems. This concept has been demonstrated at the level of
brain circuitry, muscle development, and sensory processing. Findings from this investigation
replicate and extend prior work on peripheral nerve fiber evaluation by showing how differ-
ences in the microstructural properties of peripheral nerves can be quantified in a reliable way
and how they vary according to nerve division. Therefore, it is important to integrate laterality
into investigations of peripheral nerve structure.
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