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Abstract

Introduction: The nerves of the brachial plexus control movement and feeling in

the upper limb. The most common form of traumatic brachial plexus injury (BPI)

is root avulsion. Morphological magnetic resonance imaging (MRI) is used

clinically to diagnose root avulsion, but its accuracy remains unclear. Diffusion

MRI (dMRI) techniques characterise tissue microstructure and generate proxy
measures of nerve Ohealthd which are ser

fibre density and organisation.

Chapter 11 describes a meta-analysis of the diagnostic accuracy of MRI for
identifying root avulsions in adults with traumatic BPI in 11 studies. It shows that
that conventional (morphological) MRI has modest diagnostic accuracy (mean
sensitivity 93% and specificity of 72%), meaning that MRI fails to identify 7 in 100
avulsed nerves and incorrectly classifies 28 in 100 nerves as avulsed when they

are in continuity.

Chapter 12 shows a clinically viable dMRI sequence which is sensitive to
established traumatic root avulsion in adults. Equally, this work highlights
uncertainties in the acquisition, preprocessing and postprocessing of DTI data in
the brachial plexus which warrant investigation before the technique is applied

clinically.

Chapter 13 is concerned with modelling the microscopic geometry of the brachial
plexus in fixed cadavers, to inform the step angle used for deterministic
tractography. We suggest that when generating deterministic streamlines of the
brachial plexus from DTI at a resolution typically performed clinically, a step angle

of 70° is likely to propagate 99% of streamline bundles which truly represent root.

Chapter 14 is a meta-analysis of 9 studies which defines the normal fractional
anisotropy and mean diffusivity values in healthy adult the brachial plexus. We
show that roots of the brachial plexus in adults appear to have a pooled mean
fractional anisotropy of 0.36 (95% CI 0.34, 0.38) and pooled mean diffusivity of
1.51 x10° mm?/s (95% CI 1.45, 1.56). Equally, we show how these parameters

are dependent on experimental conditions and vary slightly from C5to T1.
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Chapter 15 explores the effect of fractional anisotropy thresholding on
deterministic tractography in the brachial plexus, identifying areas of uncertainty
in the intrathecal and intraforminal areas. We shows that the FA threshold
required to consistently generate valid streamlines (~0.06) was lower than that
which is conventionally used in the brain (~0.1). This may be due to crossing
fibres in the region or partial voluming from CSF, which warrants more complex

acquisitions and models.

Chapter 16 shows that two most common pre-processing pipelines worldwide
(FSL and DSI Studio) generate important differences in dMRI parameters and
tractograms. When FSL was used, estimates of the anisotropy and diffusivity,
both at the voxel-level and within streamlines, were a mean 2% and 7% lower (up
to 10% and 17%), respectively. Equally, streamlines differed in their spatial
location by a median of 2 voxels (5.56 mm). Such discrepancies must be factored

into the interpretation of studies which use different preprocessing pipelines.

Chapter 17 we develop and deploy high b-value multishell dMRI to show that up
to 44% of the brachial plexus contains multiple (crossing) fibre orientations which
means that, perhaps, DTI is insufficient to describe the microstructure of these
peripheral nerves.
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transformation to obtain the magnitude image (right) used in clinical medicine.
Reproduced from Questions and Answers in MRI
(https://mriquestions.com/what-so-k-space.html). ..........cccccceiiiiiiiiiiiinennnn, 74
Figure 33. Methods of k-space sampling. Reproduced from Questions and
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Figure 35. Pictorial representations of healthy (blue) and unhealthy (red)
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myelin and microtubules hinder diffusion perpendicular D(U) to the axon,
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Figure 38. A graphical representation of a pixel containing a population of spins
within a straight nerve. The 1%t diffusion sensitising gradient causes spatially
varying dephasing, shown by different colours. In A, the diffusion gradient is
applied perpendicular to the long axis of the nerve (diffusion is restricted
radially), so less displacement occurs and so more signal is recovered by the
2" rephasing gradient. In B, the gradient is applied orthogonal to the nerve; as
water can diffuse freely bidirectionally in the nerve, there is relatively more
displacement during the diffusion time, spins experience a different field with
the 2" gradient, and there is incomplete rephasing, causing signal loss.
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Le BINan (2019)77. ..ottt 86

Figure 41. Graphical representation of dMRI data recorded in g-space (a)
whereby each colour represents a unique direction of diffusion encoding (in
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Figure 43. Graphical representation of the effect of diamagnetic (oppose/reduce
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Figure 44. An axial slice through a brain taken with the phase encoding direction
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Figure 45. b0 axial slices through the neck taken with left-to-right (left) and right-
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Figure 47. Nyquist ghosts of the brain..............ccccoooiiiiiiiii e, 92
Figure 48. A modification to the Stejskal-Tanner pulse sequence with a bipolar
diffusion sensitising waveform (Orange). .........couueuuiiieeeeeiiiiee e 93
Figure 49. An overview of dMRI artefacts and (pre-processing) methods of
correcting them. Reproduced from Tax et al (2022)82. ..........cccovvveveeeeeeinnnee. 94
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half sphere (right). Both have the same number of unique directions (vectors).
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B Al (2014)%5... ettt 101

Figure 54. The curved lines represent axons of a nerve within a x-y-z frame of
reference. Six unique diffusion coefficients (Dxx, Dxy, Dxz, €tc) are measured to

calculate the diffusion tensor. Reproduced from http://www.mriquestions.com

Figure 55. The above graph (and tensor) is simplified to the ellipsoid model
whereby the long axis is parallel to (the tangent of) the principal direction of
diffusion. Reproduced from http://www.mriguestions.com.......................... 104

Figure 56. In the ellipsoid model of the diffusion tensor, the directions of diffusion
are reduced to three vectors (e, e2 and es) which are termed principal
eigenvectors each of which have a unique value/length (I 1, | 2 and | 3) known
as principal eigenvalues. Reproduced from http://www.mriquestions.com. 104

Figure 57. Examples of perfectly isotropic diffusion (left) whereby FA~O, diffusion
restricted in some directions (middle) whereby the FA is >0 and highly
anisotropic diffusion whereby the diffusion is restricted to one direction (right)
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Figure 58. Two different methods of modelling dMRI signal in an area of the brain
with crossing fibres. On the left, ellipsoids from DTI which describe the average
profile within a voxel and so convey information on the dominant fibre

population. On the right, glyphs (fibre orientation density functions, fODFS)
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derived from spherical deconvolution (SD) which demonstrate multiple fibre

popul ations. Reproduced fronf.Del.ll®8c qua

Figure 59. Graphical example of crossing nerve fibres. In this configuration,
multiple peaks are expected in the dMRI signal, however the diffusion tensor
is flat and thus insensitive. Orientation distribution functions (ODFs) and a fiber
ODF (fODF, also known as the fiber orientation dispersion [FOD]) can be
estimated using other techniques. Reproduced from Descoteaux (2015)1,

Figure 60. Two ODFs from the same voxel. On the left, a dODF derived from
diffusion spectrum imaging. On the right, a fODF dervied from spherical
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Figure 61. Diffusion sampling schemes in g-space for the proposes of diffusion
propagator imaging and compartment modelling. Adapted from Descoteaux
(2025)200, e 111
Figure 62. A graphical example of GQI (a derivative of DSI) being used to
generate a dODF from ¢-space data. Reproduced from http://dsi-
studio.labsolver.org/course/g-space-imaging-1 ..........ccoceeeeviiiieeeiiineeennnnnn. 112
Figure 63. The ball-and-stick model implemented within the FMRIB FSL toolbox.
The top tow shows the ellipsoid from DTI and how this would be represented
as 1 ball and 1 stick. Below are examples (in red) of how different measured
signals correspondences to different numbers of sticks. Reproduced from the
FMRIB FSL teaching materials available at
https://www.youtube.com/watch?v=4dGC1kdNVIM ..........cccccoeviirrirrnnnnnnnn. 113
Figure 64. From the top-down, random changes to the size (volume) of the ball
and orientation of the stick are generated, its dMRI signal predicted and
compared to the measured signal. If the change is compatible with measured
signal, then the model-prediction is accepted as plausible. Reproduced from
the FMRIB FSL teaching materials available at
https://www.youtube.com/watch?v=4dGC1kdNVIM .........ccccccorriiriirrnnnnnne. 114
Figure 65. The predicted/simulated sticks (derived from MCMC modelling) which
fit the measured dMRI signal in white matter (WM) and grey matter (GM) or
CSF. Alongside these sticks, the representative diffusion tensor ellipsoid.
Reproduced from the FMRIB FSL teaching materials available at
https://lwww.youtube.com/watch?v=4dGC1kdNVIM .............ccceiiiiinniennnnn. 115
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Figure 66. The NODDI concept. Axons and dendrites are collectively known as
LTS 0T 1= U 115
Figure 67. An axial slice through the brain reconstructed using NODDI% showing
(from left to right) maps of the RGB-encoded principal direction, FA, orientation
dispersion index (ODI), intra-cellular volume fraction (Vic) and the isotropic
volume fraction (Viso). Reproduced from Zhang et al (2012)% .................. 116
Figure 68. Bar chart showing the most popular software packages (by citation

counts) for tractography untii the end of 2020. Available at

https://youtu.be/3PCUSHMQOOYO ......cvvuiiiiiiiiiie e 118
Figure 69. FACT tractography. Reproduced from Mori et al (1999)%%............ 119
Figure 70. Interpolated streamline tractography. ..............eceiiieiiiieiiiiiiiiiiiiiinns 120

Figure 71. In black (left) is the ground truth of fanning pathways. Seeding from a
single central region (orange diagram) fails to demonstrate all true pathways.
Seeding everywhere (right, blue diagram) with a specified waypoint (yellow)
better represents the truth. ... 120

Figure 72. Simplified examples of the termination tractography based on the
turning angle. On the left, the red streamline propagates through neighbouring
anisotropic voxels because the turning angle is below the prespecified
threshold. In the middle, an example of termination based on an anisotropy
thresholding, whereby the green line terminates when the FA of the adjacent
voxels exceeds the prescribed threshold. On the right, an example of angular
thresholding whereby the vyellow line does not propagate through the

anisotropic voxel containing an orientation perpendicular to the previous

Figure 73. On the left, no crossing fibres are seen so the majority of streamlines
are congruent, meaning that the probability of connectivity is high. On the right,
cross fibres are seen to the streamlines are shared between different bundles.
Reproduced from the FMRIB FSL teaching materials available at
https://www.youtube.com/watch?v=_N8hzzo818U .........c....c.eevrrrriirrrrnnnns 123

Figure 74. The median fractional anisotropy (a), and mean (b), axial (c) and radial
(d) diffusivity values in the sciatic nerve of a rat change 4 weeks after injury.
Reproduced from Andersson et al (2018)123. .........ccoeeviieeiiiee e 125

Figure 75. Split violin plots showing that FA falls and RD rises in proportion to the
severity of peripheral nerve injury in rats. Reproduced from Manzanera et al
(2020) 224, e 126
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Figure 76. Changes in the DTI parameters of the sciatic nerve in rabbits who were
subject to either chronic compression (CCl) or sham surgery. Diffusivity values
are in x10'3 mm?/s. Reproduced from Wu et al (2018)*%8. ..........ccoeeeennee. 127

Figure 77. Boxplots showing the FA (a) and MD (b) from lumbar spinal nerve
roots in patients with Charcot-Marie-Tooth (CMT) disease type 1A, type 2 and
controls. Reproduced from Sun et al (2022)140, .........cccccovieiviee e, 128

Figure 78. Boxplots showing the DTI parameters from healthy controls (green),

patients with traumatic peripheral nerve injury (TPNI, red) and carpal tunnel

syndrome (CTS). Reproduced from Pridmore et al (2021)4..................... 129
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Figure 80. The risk of methodological bias and applicability concerns for included
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Figure 81. Forest plots of the sensitivity and specificity of MRI for root avulsion
with a) patients as the unit of analysis and b) nerves as the unit of analysis. FP

= false positive; FN = false negative; TP = true positive; TN = true negative.

Figure 82. Summary receiver operating characteristic plot of MRI for root
avulsion, with the nerve as the unit of analysis. Markers denote studies and
are scaled by sample size to indicate the precision of the estimates of
sensitivity and specificity from each study. The dotted and dashed regions
around the solid (summary) point represent the 95% confidence and 95%
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Figure 83. A summary receiver operating characteristic plot of MRI for root
avulsion, with patients as the unit of analysis. Markers denote studies and are
scaled by sample size to indicate the precision of the estimates of sensitivity
and specificity from each study, with 95% confidence intervals. ................ 146

Figure 84. Forest plots of the sensitivity and specificity of MRI for
pseudomeningocoeles with a) patients as the unit of analysis and b) nerves as
the unit of analysis. FP = false positive; FN = false negative; TP = true positive;
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Figure 86. DTI deterministic tractography of the cervical cord and brachial plexus
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Figure 87. DTI deterministic tractography of the cervical cord and brachial plexus.
A-D show tractograms from four patients in which the streamlines matched the
clinical findings. A) Isolated left C7 avulsion, B) Left C7, C8 and T1 avulsions,
D) Right C5, C6 and C7 avulsions and E) Left panplexus avulsion. Panels E
and F show tractograms with spurious false streamlines (blue arrows) and
show instances where streamlines were generated for the right C5 root despite
the fact that both were found to be avulsed at operation................cc..oe..e. 159

Figure 88. The mean diffusivity of the lateral recess of the vertebral foramen,
housing either normal or avulsed C5-T1 nerve roots. .......cccceeeevvvviiieeeennnns 160

Figure 89. The fractional anisotropy of the lateral recess of the vertebral foramen,
housing either normal or avulsed C5-T1 nerve roots. ......cccceeveeveevviineeennnnns 161

Figure 90. Box plots of Dice overlap (left), density correlation (middle), and bundle
adjacency quantify (right) for inter-protocol, intra-protocol and inter-subject
variability (deterministic: red; probabilistic: blue). Reproduced from Schilling et
Al (2021)233, ..o 167

Figure 91. A deterministic tractogram of the cervical spinal cord and brachial
plexus in a healthy adult. ..., 169

Figure 92. A simplification of DTI tractography. A) A 2D artistic example of a
diffusion weighted image through an imaginary bifurcating nerve. B) Diffusion
is modelled by a tensor and shown as an ellipsoid, whereby the colour denotes
the direction and the shape describes the degree of anisotropy. C) Streamlines
(line segments) are propagated along voxels with locally aligned primary
eigenvectors which exceed a specified FA. D) A zoomed section of Panel C
shows that users must specify the maximum angle allowed between new line
segments (the step angle aka turning angle). To track the yellow portion of the
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Figure 93. The methods used by Zhong et al (2017)%*® to measure the acute angle
between the median sulcus of the spinal cord and the spinal roots of the
brachial PIEXUS. .......ooi e 171

Figure 94. A posterior dissection of the spinal cord and roots of the brachial
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Figure 95. Cadaveric dissection of the posterior aspect of the spinal cord, rootlets
and roots of the brachial plexus with a 2.5mm? grid overlaid ..................... 174

25



Figure 96. A summary plot of the course of the roots of the brachial plexus in 10
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Figure 97. Scatter plots of traces for each root (red dots) with a non-parametric
regression |line of fit (blue). The
to quantify the tortuosity, whereby a higher mean residual variance implies a
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angle and gradient of the line segments. This shows that no bias was
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shows that over 50% of angles are less than 20 degrees and fewer than 1%
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Figure 102. The summary plot of nerve traces from cadavers in this study overlaid
on the spinal cord and brachial plexus of a healthy adult reconstructed from
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Figure 105. A scatterplot showing the negative association between the mean
fractional anisotropy of the roots of the brachial plexus and the number of
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Figure 106. A scatterplot showing the negative association between the mean
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Figure 107. Forest plot summarising the normal fractional anisotropy of the roots
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Figure 108. A forest pot summarising the normal fractional anisotropy of the roots
of the brachial plexus, subgrouped by cervical root. ..........ccccceeevviiieeniinnnnn. 196
Figure 109. Summary estimates of the normal mean diffusivity of the roots of the
brachial plexus at 3-TeSIa. ........ccoceiiiiiiie e 197
Figure 110. Summary estimates of the normal mean diffusivity of the roots of the
brachial plexus, subgrouped by cervical root. ..........ccooeeveviiiiiieeiiiiiiiieeeeeens 198
Figure 111. A funnel plot showing no evidence of small-study effects............ 199
Figure 112. FA maps from a single volunteer. The top image is an axial-oblique
slice showing the 7" cervical root arising from the spinal cord (red arrow)
transitioning into the middle cord (yellow arrow) laterally. The lower image is a
coronal-oblique slice showing the spinal cord (again, red arrow) as well as the
left 51" and 6" cervical roots (green and blue arrow, respectively).............. 206
Figure 113. The same axial-obligue FA map as shown in Figure 112, with the
regions of interest drawn over the spinal cord (red), left C7 root (yellow) and
MOt C7 TOOL (PINK). ceeeeeeeieiee e e e e 207
Figure 114. A deterministic tractogram with regions of interest overlaid. Each root
was tracked individually. Streamlines representing each root were generated
individually; streamlines were required to originate in the seeding region over
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Figure 115. A deterministic tractogram from one volunteer with regions of interest
overl oad. Streamlines coloured yell
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Figure 117. The proportion of streamlines visualised representing specific roots
of the brachial plexus at different FA thresholds ............cccccoovieiiiiiiiiennnnns 215
Figure 118. Tractography of the roots of the brachial plexus at different FA

thresholds showing that at higher FA thresholds, numerous roots are not
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visualised. The colour of the tract is determined by the local FA whereby yellow
denotes a high FA (0.5), scaled to red which denotes low FA (0). ............. 216
Figure 119. Tractography of the roots of the brachial plexus showing that at higher
FA thresholds the right C8 and T1 roots are not propagated. The colour of the
tract is determined by the local FA whereby yellow denotes a high FA (0.5),
scaled to red which denotes low FA (0). ......coooiiiiiiiiiiiiiiiii i, 217
Figure 120. The mean length of streamlines (in mm) by FA threshold. .......... 218
Figure 121. Bland Altman Plot showing strong agreement in the assessment of
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meaningful changes in the estimates of the mean FA, MD, AD or RD of
S == 0 ] 1T =S 237
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Figure 132. Tractograms overlaid derived from pre-processing with DSI Studio
(blue) versus FSL (yellow). The loss of cranial slices (due to the motion
correction module within FSL) and therefore, the absence of streamlines within
the proximal spinal cord IS CONSPICUOUS........cccvvvvviieeeiieiiiee e eeeeie e e 243

Figure 133. Electron micrograph of myelinated axons in the optic nerve.
Reproduced from www.education.vetmed.vt.edu.............cceevvviieierriinnnnnennn. 247
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(o] 1T g1 ¢= 11 0] o < SRS SSOPPPPP 255

Figure 139. Axial sections through the spinal cord and bilateral C7 roots
reconstructed with GQI (A). Panels B, C and D are data reconstructed using
bedpost overlaid on the DWI (B) and T1-weighted image in coronal (C) and
axial (D) planes. Both GQI and bedpostx detected multiple fibre orientations
within the intrathecal and intraforaminal portions of the C7 roots (yellow
circles). The red lines denote the lateral coronal limits of the vertebrae. ....256

Figure 140. The 7™ cervical root in three subjects, reconstructed using bedpostx
(A, B and C) and GQI (D, E and F). Each subject was scanned with different
combinations of b-values and directions. All datasets show crossing fibres
within the proximal elements of the brachial plexus at the point that rootlets
emerge and merge to form the spinal nerve roots. ........ccccceevveviiiiiiiiieeeenns 257

Figure 141. A deterministic tractograms of the brachial plexus coloured by the
local FA (red=0, yellow=0.5). The areas of low FA (red) correspond to areas
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Figure 142. Sticks from bedpostx overlaid on coronal (left) and axial (right) T1-
weighted images showing that lateral to the vertebral foramina, a single fibre
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Figure 143. Deterministic streamlines from GQI. Closer examination of the right
upper trunk modelled by GQI (A), bedpostx (B) and DTI (C) shows that a single
fibre orientation is seen within the highly anisotropic voxels representing the
upper trunk. NB, in panels A and C, a threshold is applied to the graphic to
show voxels with a minimum QA. ... 260

Figure 144. Deterministic streamlines from GQI (colours determined by the local
FA; O=red, 0.4=yellow) with the paths from proabtrackx overlaid in blue. .. 261

Figure 145. The voxel-based Dice similarity coefficients of deterministic (GQI)

versus probabilistic (probtrackx) tractography of the roots of the brachial

Figure 146. Paths and streamlines of the 7™ cervical spinal nerve roots (right=red,
left=green). The streamlines from GQI deterministic tractography (GQI) and
appear to be constrained to the expected anatomical regions. In comparison,
the coloured regions are probablistic paths generated from probtrackx using
the same waypoint i they show paths which cover a larger area, encroaching
on several other spinal root [evels. ..., 263

Figure 147. Curves fitting the dMRI signal as a function of the b-value. Error bars
are 95% Cls. The standard monoexponential model was the worst fitting.
Reproduced from Foesleitner et al (2022)3%8, ...........ccccooeeeviiee e, 264

Figure 148. Two coronal bOs from two different volunteers during the early
development phase. Both are examples of rsEPI of the brachial plexus. On the
left, there was an absence of signal around the neck owing to poor shimming
on a Siemens Verio 3T system. Ghosts of the head in the phase-encoding
direction were assumed to by Nyquist ghosts. On the right, a different protocol
again based on rsEPI was noisy, subject to ghosting and again lacked signal
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Figure 149. Results from AxCaliber using porcine nerves. The dMRI signal decay
as a function of the g-value in the (a) optic nerve and (b) sciatic nerve. The
predicted axon diameters as a function of signal decay (c). The actual axon
diameters measured using electron microscopy (d). Examples of microscopy
(e and f). Reproduced from Assaf et al (2008)3%0. ...........c.cceevvvvvvveeeeeeeeennne, 269

Figure 150. An example of the gradient waveform for spherical tensor encoding.
Reproduced from https://github.com/filip-

szczepankiewicz/diff_enc_sim/blob/master/animations/gwf_ste.gif ........... 270
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Chapter 1. The Peripheral Nervous System

The peripheral nervous system is designed to receive information from the
environment (e.g., sensation from the skin) and relay such information to the
central nervous system. More specifically, peripheral nerves conduct information
between tissues and organs, in the form of electrical impulses and molecular

transport, and the central nervous system.

1.1.1 Overall structure

Nerves which carry information towards the brain are termed afferent (Figure 1).
Once information is processed in the brain, the peripheral nerve system
communicates changes to end-organs and tissues through outflow via the
somatic (controlled), autonomic (automatic) nervous systems. Nerves which
carry information away from the brain are known as efferent. Together, these

nerves and end-organs form a neural circuit which constantly relays information.

Afferent nerve

Figure 1. The arrangement of afferent and efferent nerves, in

relation to the central nervous system. Reproduced from Helixitta
(2019)1.
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1.1.2 Cellular composition of peripheral nerves

Peripheral nerves contain a variety of different cells designed to conduct electrical
impulses, cells which provide supporting roles and microanatomical structures
which provide a stable framework. The typical arrangement of cells and structures

within peripheral nerves is shown in Figure 2

Epineurium

\ Fascicle

Perineurium

Endoneurium

Figure 2. A peripheral nerve in cross section. Reproduced under

the Creative Commons License, author unknown.

1.1.2.1 Neurons

Neurons (also known as nerve cells) are electrically excitable cells which
communicate with receive and relay information (communicate) between other
nerves, tissues and organs. This communication is done via specialised
connections known as synapses. Neurons are typically described as having three
distinct sections:

1. Cell body: The cell body (soma) which contains the cell nucleus and
organelle (such as the rough endoplasmic reticulum [Nissl bodies] which
synthesises neurotransmitters)

2. Dendrites: the short and numerous protoplasmic extensions from the cell
body (which typically extend a few hundred micrometres) are known as
dendrites. Dendrites synapse with neighbouring cells to receive and then

propagate stimuli.
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3. A single axon: arising from the axon hillock, axons (also known as nerve
fibres) are long cytoplasmic projections of the neuron which are
responsible for propagating information (received by dendrites, via the cell
body) to the endplate at the synaptic terminal. These synapses
communicate information to cells or organs. Axons can be short
(millimetres) and up to tens or hundreds of centimetres long.

4. Synaptic terminals: Also known as terminal buttons and endplates, the
terminals of the axon are the region of the neuron which is furthest from
the cell body and where it synapses with other cells. At the synaptic
terminal, neurotransmitters are released which stimulate the next cell in

the circuit.

Cell body

Axon

v

Nucleus \

B Axon hillock | Synaptic terminals
B =

B el S\

! 3 Golgi apparatus
Endoplasmic /2 N
reticulum ’“\<
Mitochondrion * \ Dendrite

\
/ \
/ \\Q Dendritic branches

Figure 3. The general structure of a multipolar neuron (relative
sizes are not to scale) and how it synapses with other cells.

Reproduced from Blausen Medical 20142,

1.1.2.2 Myelin sheath

The axons of peripheral nerves may be myelinated or unmyelinated. Typically,
axons which must conduct information fast (such as those involve in the
withdrawal reflex or those involved in proprioception) are myelinated, whilst fibres
carrying information which is less time critical (such as those dilating blood
vessels) are unmyelinated.
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The myelin sheath is derived from Schwann cells which are the glial cells of the
peripheral nervous. Schwann cells synthesise a specialist multi-layered
membrane which wraps around axons, forming an insulating sheath (Figure 4).
The myelin sheath resembles the insulation of an electrical wire and performs a

similar role.

A

4 ] )
= Myelin sheath !
Axon Dendrites

zw Bilayer membranes D Lipid
TN

SElLe

Cytoplasmic

sueIquIa
Jouul

aueiquiaw
133N0

Figure 4. The myelin sheath and its structure. Panel A shows a
neuron. Panel B shows an axon enveloped by a myelin sheath.
Panel C shows the arrangement of the myelin sheath, which is
formed by multi-layered, polar membranes composed chiefly of
phosphatidylethanolamine (Panel D) which are bound together by
myelin basic protein (MBP). The red and blue circles within Panel
C represent differences in charge (hydrophilic and hydrophobic)
between the membranes. Reproduced from Min et al (2009)3.
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1.1.2.3 Connective tissue

There is an abundance of connective tissue in peripheral nerves, which provides
insulation, tensile strength, and structure (Figure 2). Each axon (whether it is
enveloped in myelin or not) is encased in a delicate sheath known as
endoneurium. Bundles of these nerve fibres (myelinated and unmyelinated

axons, wrapped in endoneurium) together form a fascicle.

Fascicles are themselves enveloped in a sheath and a continuous matrix of
connective tissue, known as perineurium. This space between fascicles, the
perineurium, is a lamellar structure formed from flattened cells derived from
fibroblasts. Perineural cells are linked together by tight junctions and
desmosomes. The surrounding extra-cellular matrix is rich in collagen and
glycosaminoglycans. Embedded within the perineurium are blood vessels and

lymphocytes.

The outermost layer of a peripheral nerve is the epineurium, which is principally

made of collagen.

1.1.2.4 Axon diameter and myelination

Axons have been classified in many different ways but the most widely accepted
is that of Erlanger and Gasser (1930)* shown in Table 1. In this system, nerves
are broadly categorised into myelinated (type A and B) and non-myelinated (type
C). However, the radius of myelinated nerves determines conduction velocity®
and therefore what functions it may serve, so group A was later subcategorised
based on axon diameter. More recently, sensory nerves classifications have been

introduced (Figure 5).
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Figure 5. Classification systems for peripheral nerves.
Reproduced from Guyton & Hall (2010)°8.
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Diameter Conduction _ _ _
Group Subgroup _ Myelinated Sensory function Motor function
(um) velocity (m/s)

. Proprioception via Golgi tendon Extrafusal skeletal
U 13-20 80-120 Yes . .
apparatus and muscle spindle fibres muscle
Proprioception via muscle spindle
fibres
3 6-12 80-120 Yes . None
All cutaneous mechanoreception
A Some nociception
o) 5-8 4-24 Yes None Intrafusal skeletal muscle
Light touch and pain (free nerve
¥] 1-5 Yes endings), temperature and None
nociception
B 3 3-15 Yes Preganglionic autonomic Preganglionic autonomic
All nociception derived from the _
) _ ) Pilomotor, sudomotor and
C 0.2-1.5 0.3-1.6 No spinothalamic tract (chemical,

_ vasomotor
mechanical or thermal)

Table 1. Erlanger-Gasser classification of peripheral nerve fibres
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1.1.3 Axonal transport

In neurons, the cytoplasm is termed axoplasm. Longitudinally oriented cylindrical
neurofibrils (microtubules) connect the cell body to the synaptic terminals to
enable more efficient transport of axoplasm containing molecules and organelles,

between the cell body and the synaptic terminals (Figure 6).

\ \ y A . /
\ - — “ h A \ /“
=T \ ) \ | /P Dendrite
- y \ | -
N V4 & | i > / —
/\Dendmic spines

R S /'
& : I\
/ Lysosome
.,
y
P
\ //
Microtubules
/ Cytoplasm
\
\\
)
&
— \ S

Myelin sheath

Figure 6. The microtubules arising at the axon hillock, extending

into the axon. Reproduced from Blausen Medical 20142.
Anterograde transport moves proteins, mitochondria and membrane proteins

from the cell body down the axon. Retrograde transport carries cell waste from

the axon back towards the cell body.

1.1.4 Conduction

Neurons carry information in the form of an action potential. These are discrete
electrical impulses which travel from the cell body, down an axon and into the
terminal synapse. When the impulse reaches the synaptic endplate, it stimulates

the release of neurotransmitters which effect the next cell in the circuit.
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1.1.4.1 Resting Membrane potential

The membrane potential is the electrical difference across a plasma membrane,
between the inside and outside of a neuron. At rest, the membrane potential
across an axon is approximately -70mV in humans. This is maintained by active
Na*/K* pumps (Figure 7). This channel pumps 3Na* out of the cell, whilst pumping
2K* inside. The Na* ions are accompanied by CI- ions outside the cell, whilst the
K* ions are balanced by various organic anions within the cell. The difference in
ion concentrations generates the resting membrane potential.

-
@ Extracellular space

l (;] -
AN D)iuL@@j] ¢

Figure 7. The resting membrane potential maintained by Na+/K+

ATPase pumps. Reproduced from Blausen Medical 20142

1.1.4.2 Action potential

The conduction of an electrical impulse along a nerve is called an action potential,
which is a brief reversal of the resting membrane potential. When
neurotransmitters bind to receptors on the dendrites of the cell, some voltage-
gated Na* channels open (Figure 8, box 1). Once the threshold potential is
reached (approximately -55mV), all voltage-gated Na* channels open and the
entire axon depolarises (Figure 8, box 2). At peak depolarisation (~30mV, Figure
8, box 1), Na* channels close and K* channels open, which together with the
Na*/K* cotransporters causes membrane repolarisation 7 there is an overshoot

in repolarisation known as hyperpolarisation which protects the nerve from tetanic
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stimulus (Figure 8, box 4). Ultimately, the resting membrane potential is restored
(Figure 8, box 5) to allow another stimulus.

Peak action potential
+30
S
E o
- Repolarization
<
= 0
c
o
-4 Threshold of
@ excitation
c
o
.::_55____ ________________ IR
E Hyperpolarization
= -70 ‘h‘“h‘*
Resting potential E
Time
Figure 8. The action potential. Reproduced from Blausen Medical

20142,

1.1.4.3 Nodes of Ranvier

The gaps between myelin (Schwann cells) are known as the nodes of Ranvier

(Figure 9). They are short unmyelinated sections of the axon, where the diameter

is also reduced, which contain voltage-gated K* and Na* channels. The nodes of

Ranvier enable saltatory conduction, which is the phenomenon by which

electrical current at each node is conducted (with little attenuation) to the next

node. The net effect is that action potentials o6j umpé from node to nod
the overall conduction speed substantially greater.

Axon Nodes of Ranvier Myelin sheath

Depolarized Membrane at
membrane resting potential

Figure 9. The Nodes of Ranvier. Reproduced from OpenStax.org

under the Creative Commons License.
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1.1.5 Traumatic nerve injury

After peripheral nerve injury, there is a coordinated response to remove damaged
tissue and initiate regeneration. The goal of regeneration is to reconnect the

nerve to an end organ.

Seconds-to-minutes after being disrupted, the proximal nerve stump retracts due
to the elastic endoneurium, calcium influx cause the segregation and proliferation
of cellular organelles and depolymerisation of microtubules. Division of the vasa
nervorum causes haemorrhage from both stumps and thus, acute inflammation
in the general zone. Within minutes-hours, axons undergo acute degeneration in

the distal stump which results in complete fragment.

Within 24-36 hours, Wallerian degeneration’ begins (Figure 10). This is an active
process whereby the nerve seeks to generate an environment distal to the site of
injury which is receptive to axonal regrowth, while the proximal stump alters its

phenotype to promote axon regeneration.

Schwann cells are active in Wallerian degeneration, as they promote the
recruitment of macrophages (via Monocyte chemoattractant protein, MCP-1) to
phagocytose myelin and secrete neurotrophic factors (nerve growth factor, NGF
and ciliary neurotrophic factor, CNTF), which promote and guide axon
regeneration. In the distal stump Schwann cells extrude their myelin sheath,
downregulate myelin genes, dedifferentiate and proliferate. The new Schwann

cells align via Bunger bands to provide a guide for regenerating axons.
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Reactive
Schwann
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(b)

Regenerative
sprouts

(d)

Figure 10. Wallerian degeneration. Reproduced from Allodi et al
(2012)8.

Approximately 3-4 days after injury, axons begin sprouting from the proximal
stump and advance, attracted by the growth factors secreted by Schwan cells,
into the new tubes they have formed. Axons within such tubes grow at ~ 1mm
per day. There are several factors which slow and speed up axon regeneration,

although the exact mechanisms have yet to be fully and clearly elucidated.
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Within the zone of injury fibroblasts proliferate and generate immature scar tissue

which encases the injured zone.

1.1.5.1 Classification of nerve injury

Many classification systems have been proposed over time, although those of
Seddon (1942)° (Figure 11) and Sunderland (1951)° are the most popular. Their
similarities and differences are shown in Table 2.

Axonotmesis
| (Axons divided)
Neurotmesis

Figure 11. Graphical depictions of nerve injury patterns according
to Seddon (1942)°. Adapted from Hems (2016)**.
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Axons Endoneurium Perineurium Myelin Nerve
Seddon Sunderland . o . Recovery ) Electromyography
injured injured injured injured conduction
. . . . n Spontaneous,
Neurapraxia 1 @) O O o Normal
(focal)  within weeks
. « . Spontaneous,  Partial/complete
Axonotmesis 2 n o O o
within months  conduction block
Axonotmesis 3 n n o) o) Potentially
_ : Abnormal
Axonotmesis 4 n n n ) Potentially
. Complete
Neurotmesis 5 n n n n Potentially

conduction block

Table 2. Classification systems for peripheral nerve injury
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Chapter 2. The Brachial Plexus

The brachial plexus is specialised section of the peripheral nervous system which

controls movement and feeling in the shoulder, arm, forearm and hand.

1.2.1 Anatomy of the brachial plexus

The brachial plexus is a network of motor, sensory and autonomic fibres within

the neck and shoulder region (Figure 12).

Dorsal scapular nerve to rhomboids

Nerve to subclavius
Long thoracic nerve to serratus anterior
Suprascapular nerve to supraspinatus and infraspinatus

LATERAL CORD
POSTERIOR CORD

Pectoralis minor

Musculocutaneous nerve

Axillary nerve
Short head of biceps
Coracobrachialis

Scalenus anterior
RADIAL NERVE

ULNAR NERVE

Medial pectoral nerve MEDIAN NERVE

Lateral pectoral nerve

MEDIAL CORD

Subscapular nerves
to subscapularis
and teres major

Medial cutaneous nerve of forearm
Medial cutaneous nerve of arm

Thoracodorsal nerve
Latissimus dorsi

Figure 12. The brachial plexus. Reproduced fromGr ay 6 s Anat omy

70t Edition, Elsevier at https://studentconsult.inkling.com/

1.2.1.1 The spinal roots of the brachial plexus

The spinal nerve roots (Figure 13) are formed by the ventral rami of the lower four

cervical spinal nerves and the majority of the ventral ramus of the 15t thoracic

spinal root.
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©DonaldSammut2020

Figure 13. A schematic of the roots of the brachial plexus (lower
image, highlighted in purple) emerging from the intervertebral
foramina (upper left) and their relationship to the scalene muscles
and vasculature of the upper limb (upper right). Reproduced with

permission from Mr Donald Sammuit.

The cephalad roots (C5/6) unite to form the upper trunk whilst the caudal roots
(C8/T1) unit as the lower trunk. Both trunks and the 7t cervical root give anterior
and posterior divisions which unite as cords and further divide into five (principal)

terminal branches, amongst numerous other smaller branches.
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1.2.1.2 Anatomical variation

There is considerable variation in the contribution of the 4 cervical and 2"
thoracic spinal roots, and autonomics to the brachial plexus. A systematic review
by Pellerin et al (2010)*? summarised the observed variations into a) prefixed and
b) postfixed as depicted in the artwork from Sakellariou et al (2014)*3 in Figure
14. The prevalence of a prefixed plexus was 10-63% and postfixed 0-59%. The
variability is largely due to heterogeneous definitions; for example, a single
intradural fascicule and the entire C4 ventral root anastomosing to the C5 were
both defined as prefixed although the clinical meaningfulness is debatable.

Prefixed

(b)
Figure 14. Schematics of the (a) prefixed and (b) postfixed roots of

the brachial plexus. Reproduced from Sakellariou et al (2014)*3

1.2.1.3 Microscopic topography of the brachial plexus

The roots of the brachial plexus are mixed motor (efferent) and sensory (afferent)
fibres. These nerves are housed within distinct tracts in the spinal cord but merge

via the dorsal and ventral rootlets to form the spinal nerve roots.
The microscopy topography of the brachial plexus has been studied extensively

but there is still disagreement about the exact extent of axonal or fascicular

exchange at various levels (Figure 15).
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Sunderland Jabaley Terzis

Figure 15. Theories of the fascicular arrangement within
peripheral nerves. The Terzis model is the closest to in-vivo

research findings

The original proposals of Sunderland (that fascicular arrangement is entirely
unpredictable and as such, fascicular dissection is impossible) have been largely
disproven because fascicles are readily dissected over (at least) several
centimetres in vivo, for the purposes of nerve transfers. Jabley proposed that
there was minimal fascicular branching at discrete identifiable locations with no
overall topography whilst Terzis hypothesised that whilst interchanges did occur,
there was an appreciable and constant topography that can be both identified

and traced, proximally and distally.

Slingluff, Terzis and Edgerton histologically examined the brachial plexus at
0.5mm intervals'# in 1987. Their work demonstrated that the spinal nerve roots
(as well as the divisions of the upper trunk and origins of the suprascapular and
musculocutaneous nerves) exhibited little or no meaningful fascicular exchange
(i.e., they are monofascicular) for up to 2.5cm of their length. subsequent
microanatomical dissection studies have demonstrated consistent fascicular

topography in the spinal roots
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Figure 16. The topography of fascicular groups in the spinal nerve

roots of the brachial plexus. Adapted from Sinha et al (2016)%.

However, within all other regions of the brachial plexus, which is the majority of
its course, there is considerable axonal and fascicular branching akin to the
model proposed by Terzis. As such, axons and fascicles branches on average

every 5mm to join neighbouring fascicles.

1.2.1.4 The cellular composition of the roots of the brachial plexus

The majority (57-85%) of the cross-sectional area of the spinal roots are
connective tissue'4. The remainder are a mixture of motor, sensory and
autonomic nerves. Gesselbauer et al (2017)%¢. The roots of the brachial plexus
on both sides of the neck house approximately 700,000 axons, although these
are distributed unevenly across the spinal roots (Table 3), with the majority of

axons (94%) being sensory.
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Root Mean Total Axon Count (SD) Mean % Motor (SD)
c5 38,210 (9388) 12 (1.6)

C6 75,861 (9856) 6 (0.7)

c7 84,008 (10,578) 6 (0.9)

C8 90,376 (12,533) 6 (1.0)

T1 61,421 (22,815) 4 (0.8)

Total 349,876 (43,226) 6 (0.4)

Table 3. Axon composition & counts in the roots of the brachial

1.2.2 Brachial plexus injury in adults

Traumatic brachial plexus injuries (BPI) affect 1% of patients involved in major
trauma'’ and occur in polytraumatised patients. BPIs are typically caused by
traction forces on the upper limb and/or forces which separate the head from limb

(Figure 17). The most serious form of BPI is avulsion of the roots (Figure 17, red

arrow).

plexus. Derived from Gesselbauer et al (2017)%.

Figure 17. Forceful lateral flexion on the neck (as occurs when a

helmet-wearing motorcyclist collides with a solid object) may

cause traction injuries (black arrow), partial rupture (blue arrow),

complete rupture (green arrow) and/or root avulsion (red arrow).
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BPIs are serious given that they may cause permanent disability*® 22, pain?3 25,
psychological morbidity?¢?” and reduced quality of life!820.28,

1.2.2.1 Clinical features of root avulsion

Adults with traumatic BPIs typically have deficient movement and feeling in the
upper limb, alongside substantial neuropathic pain. The various patterns of
deficits depend on the part of the plexus which is injured and beyond the scope
of this report. Suffice-to-say, root avulsion results in flaccid paralysis,
paraesthesia and intractable neuropathic pain in the elements of the limb supplied
by that root.

1.2.2.2 Diagnosing root avulsion

Internationally, practice is heterogenous with respect to the diagnosis of root
avulsion. At one of end of the spectrum, clinicians keep patients under
surveillance for months-years, intervening surgically if there no sign of recovery.
Conversely, some clinicians deploy medical tests, such as imaging and
neurophysiological studies and undertake operative exploration, to reach the

diagnosis faster and therefore, also delivery treatment more quickly.

MRI is the best non-invasive test for brachial plexus injuries?®. MRI is superior to
nerve and muscle electrophysiology studies®°, ultrasonography334 and
intraoperative somatosensory-evoked potentials3®. To identify patients with roots
avulsion who need urgent reconstructive nerve surgery, most surgeons use pre-
operative MRI although it is currently unable to reliably diagnose root avulsion (or
differentiate them from other nerve injuries outside the intervertebral exit

foramen) alone.
Ultimately, the most reliable test to-date is surgical exploration of the brachial

plexus (Figure 18), although this carries considerable risk of morbidity and cost

for both patients and the health service.
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Figure 18. Intraoperative photograph of a male undergoing left

brachial exploration with clavicular osteotomy.

Early diagnosis is of critical importance because this enables early reconstruction
which is associated with better functional recovery'819.28:36138 ‘improved quality of
life?® and might mitigate chronic neuropathic pain3® which is experienced by 95%

of patients with BPIs*,

1.2.2.3 Reconstruction for root avulsion

In patients who eventually undergo surgical exploration for traumatic BPI, root
avulsions are the most prevalent type of injury*l. These are typically high-force
injuries which affect all neural elements including the anterior horn cells*? and
fibres in the transitional zone of the spinal cord, the free rootlets branching from
the spinal cord and distally into the brachial plexus itself. The large zone of trauma
to spinal cord and peripheral nerve precludes re-implantation*® or interposition
nerve grafting because prior work has shown this to yield no meaningful recovery.
In the context of root avulsions, neurotisation of the end-organs can only be

reliably achieved by distal nerve transfer (neurotisation).

Nerve transfers are relatively minor cost-effective procedures#*, which have a low
morbidity*'4® but significantly improve function and quality of life*4454%. An
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example of neurotisation of the biceps brachii muscle, to restore elbow flexion,

using a fascicle from the ulnar nerve is shown in Figure 19.

Motor branch
musculocutaneous nerve

nerve

Figure 19. A 0 s p dascelé from the ulnar nerve is transferred to
the biceps muscle to reinnervate the muscle and thus, restoring

elbow flexion. Reproduced from www.mayoclinic.org

In the same way that early diagnosis is beneficial to patients, recent work in
patients with pan-plexus injuries (which are typically root avulsions) also shows
that early neurotisation is beneficial. Specifically, the delay from injury to
neurotisation is important because every month of delay reduces the probability
of meaningful recovery by 7%°°. Therefore, the early identification of patients with
root avulsion(s) who require early nerve transfer is of paramount importance and

improved imaging may help.
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Chapter 3. Magnetic Resonance Imaging

This chapter provides an overview of the basic concepts of magnetic resonance

imaging (MRI) from the origin of signal to image formation.

1.3.1 History

Isidor Isaac Rabi was awarded the 1944 Nobel Prize in Physics for describing the
concept of nuclear magnetic resonance (NMR), using a molecular beam in a
vaccum®l, In 1946, Bloch and Purcell independently described the NMR
phenomenon®2%3 in matter for which they jointly received the Nobel Prize for
Physics in 1952. However, cross-sectional images were only made possible in
1973 when Lauterbur and Mansfield described methods for spatially localising
the NMR signal®*%%, Once spatially localised, the term magnetic resonance
imaging (MRI) is commonplace. MRI is appealing for both clinical and research

purposes given that it is non-invasive and does not involve ionising radiation.

1.3.2 Bulk magnetisation

The majority of medical MRI is based upon hydrogen atoms (*H). This is the most
abundant atom in the human body (~63%) and largely found in water and lipids
(fat).

The hydrogen nucleus has a single (positively charged) proton. According to
guantum theory, nearly all elementary particles (such as protons) possess a
property known as the &pind Spin describes the rotation of a particle about its
axis, like a spinning top. Spin is a result of intrinsic angular momentum of the
charged particle, which generates a magnetic moment (Figure 20). The magnetic

moment is effectively a magnetic dipole and akin to a bar magnet.
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Figure 20. Angular momentum of the *H proton generates a

magnetic field (magnetic moment).

The manipulation and measurement of spins is central to image generation in
MRI. Whilst there are nuclei with non-zero spins (e.g., 2Na and 3'P) their
concentrations in human tissue are much lower. Therefore, the rest of this chapter

refers to H in living human tissues.

1.3.2.1 Precession

Once at equilibrium within Bo spins exhibit precession, whereby the magnetic
moments of individual protons rotate around Bo. When the net magnetisation (M)
reaches a stable state, longitudinal magnetisation is established (Mz). For an
individual proton experiencing Bo, the phenomenon of precession is shown in

Figure 21.
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Precession

External
/

magnetic
field (Bo)

Figure 21. When exposed to By, protons undergo precession

The speed of the precession (angular frequency) is known as the Larmor
frequency (¥ ) and it is proportion to the strength of Bo as well as the gyromagnetic
ratio (9, which is a constant specific to a particular nucleus, 42.58MHz/T in the

case of 1H protons).

The relationship between Bo and 2 is given by the Larmor equation (Equation 1).
The Larmor frequency is the resonant frequency of the system, whereby energy

exchange (absorption and emission) can occur.

S ro

Equation 1. The Larmor equation

In practice, we cannot affect or measure individual spins, but rather MRI is based
on the manipulation and measurement of bulk magnetisation, derived from many
discrete protons. Stronger magnetic fields force more protons to align with Bo,
meaning that more protons can be manipulated. In practice, the number of spins

from which we can generate signal is very small e.g., 5 per million at 1.5T.
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1.3.2.2 The rotating frame of reference

To simply the complex motion of the vector of net magnetisation, the frame of
reference is important. Consider a Merry-Go-Round (Figure 22), if we take a
photograph from a static location whilst the ride is spinning, the motion of the
horses (up and down) it would be blurred i this position is known as the laboratory
frame of reference. If we are interested in the motion of the net magnetisation
vector (the horses in this example) then we must rotate around at the same speed
whilst taking the photograph. In this way, the motion of the vectors (horses) would

be clear and simple i this is known as the rotating frame of reference.

Figure 22. The same Merry-Go-Round viewed from the laboratory

frame (left) and rotating frame (right). Reproduced from Questions
and Answers in MRI (https://mriquestions.com/rotating-

frame.html).
Henceforth, diagrams in this thesis are created and explained in terms of the

rotating frame of reference. In NMR, the frame of reference rotates at the Larmor

frequency.

1.3.3 Signal generation and decay

Within the bore of an MRI scanner, net magnetisation aligns with Bo to produce

longitudinal magnetisation (Mz).

1.3.3.1 Excitation

Energy can be introduced into the system using a radiofrequency (RF) pulse, at
the Larmor frequency (Figure 23). The process of applying energy to the system
(B1) and its absorption is known as excitation of spins. The application of an RF
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pulse causes the net magnetisation vector to rotate about the axis of the applied
B1 field. The stronger the RF pulse, the more the net magnetisation vector is
rotated.

In the below example, the RF pulse is designed to flip the magnetisation 90° into
the transverse (Mxy) plane. Transverse magnetization precesses about the z-axis
which, according to Faradays law, induces an alternating voltage in the receiver

coil(s) 1 this MR signal is captured and processed to generate an image.

y y y

Mxy y A
X X

Figure 23. Longitudinal magnetisation is flipped from the M; plane
into the transverse (Myy) plane, by an RF pulse at the resonant
frequency. This induces an alternating voltage in the receiver

coil(s). Adapted from Ridgway et al (2010)°’.

As soon as the MR signal is generated (transverse magnetisation) it also begins

a free induction decay (FID). This occurs due to two distinct processes known as

T1 and T2 relaxation.
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1.3.3.2 T1 relaxation

This describes the recovery of net magnetisation to the equilibrium (Mo) i.e., net
magnetisation returns to the z-axis (Mz,). For T1 relaxation to occur, energy must
leave the system and be transferred to neighbouring spins and the wider
environment. This energy transfer is principally thermal, hence the alternative

name of thermal relaxation.

After 90°
RF pulse

Magnetisation (M;)

T1 Time

Figure 24. The longitudinal relaxation phenomenon (T1) modelling
the recovery of M;, as exponential function (11 e?™). Adapted
from Ridgway et al (2010)%’.

T1 follows a first order exponential function and describes the time required for
the Mz to reach ~63% of its maximum (Figure 24). The original NMR experiments
which described the T1 phenomenon were based upon crystalline lattices which
iI's why the process was-lahtsterrebbkpn)i bal

Many physiological factors affect the T1 of living tissues, including temperature,
viscosity, state (solid, liquid or gas), ionic content and diffusion. In practice, the
T1 is used to guide the repetition time (TR). For example, after approximately 5
T1s (e.g., if T1 for the tissue of interest was 1 second, then this would be 5

seconds) 99.5% of Mz would have recovered and thus be available for excitation.
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1.3.3.3 T2/T2* relaxation

Also known as spin-spin relaxation, T2 relaxation describes the progressive
dephasing of spins and thus, decay of transverse magnetisation (Mxy). T2 is a

time constant for Mxy to decay to 1/e of its original magnitude.

T2 relaxation depends on spin-spin interactions. Free water (e.g., cerebrospinal
fluid) contains numerous water molecules which interact frequently, so more
energy is exchanged and the time constant T2 is long (3-4 seconds), similar to
T1. Spins of macromolecules and water bound to such larger molecules interact
less, so dephase more rapidly and therefore a Mxy decays faster. This means that
spins of larger molecules (e.g., lipids) have a shorter T2. When tissues have an
increased free water content (as occurs with inflammation), then the T2 typically

lengthens. The effect of spin-spin interactions on Mxy are shown in Figure 25.

z Z 7
After 90° -
RF pulse \\
y &\. y &.‘ &, y

»Tim

Signal (Myy)

Figure 25. The T2 and T2* relation process. After a 90° pulse,
transverse magnetisation (Myy) is generated, and spins are
coherent. Over time, spins dephase causing signal decay.

Adapted from Ridgway et al (2010)°’.
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The observed FID due to T2 effects is smaller than expected. This is due to
several other effects which accelerate the decay of My, such as field
inhomogeneities, magnetic susceptibility and the chemical environment.
Together, T2 and these local effects which contribute to the overall loss of phase
coherence is called T2* relaxation. T2* incorporates both T2 effects (interactions
due to molecular motion) and other local effects to better describe the
discrepancy between the actual and expected FIDs.

Of importance, T2 relaxation always accompanies processes which cause T1
relaxation, which is known as ATl in T2
without T1 r el afxlaotpioo ni ndtueer atcot ifiofnlsi pand/ or

Figure 26. Spin-s pi nf ibpbopwhereby a pair of s
longitudinal angular momentum which causes no change in T1,
but the interaction causes T2 relaxation . Reproduced from

https://mriquestions.com/what-is-t2.html

1.3.3.4 T1 and T2 values in humans

The T1 and T2 constants are different in different tissues, ranging from tenths of
seconds to several seconds. Examples of these values, relevant to peripheral

nerve imaging, are shown in Table 4 based on the work of Stanisz et al (2005)%8.
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Mean (SD) time in ms

Tissue 1.5T 3T

T2 T1 T2 T1

White matter
(Brain)
Gray matter (Brain) 95(8) 1124 (50) 99 (7) 1820 (114)

72(4) 884 (50) 69 (3) 1084 (45)

Optic nerve 77 (9) 815 (30) 78 (5) 1083 (39)
Spinal cord 74 (6) 745 (37) 78 (2) 993 (47)
Skeletal muscle 44 (6) 1008 (20) 50 (4) 1412 (13)

Blood 290 (30) 1441 (120) 275(50) 1932 (85)

Table 4. T2 and T1 Relaxation Times at 3T and 1.5T, at 37°C.

1.3.3.5 Echoes

The FID from an excitation can be measured as MR signal (which can be
achieved clinically using ultrashort TE imaging) but the gradients used to spatially
encode signals in typical scanners rapidly degrade the FID, so it is typically
reformed and measured as an echo. The FID is one of four types of MR signal

(Table 5) which are broadly categorised into spin and gradient echo.

MR signal Method of formation

FID 1 RF pulse

Gradient echo 1 RF pulse + gradient reversal

Spin echo 2 RF pulses

Stimulated echo 3 or more RF pulses

Table 5. Types of NMR signal

Spin echoes are based upon a 90° excitatory RF pulse, followed by a 180°

rephasing RF pulse between two positive gradients (Figure 27).
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180° refocussing

RF pulse
90° RF
pulse
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"/’a y ‘ y
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Signal
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» Time

Figure 27. A diagrammatic representation of how a spin echo is

generated. In areas of inhomogeneities, spins precess relatively

faster or slower which accelerates dephasing and the decay of

Myy. The application of a 180° pulse reverses the rotation of spins

such that spins re-align (coherence) and an echo of the FID is

generated which can be measured as MR signal. Adapted from

Ridgway et al (2010)’.

The work presented in this thesis is based upon spin echo sequences and will be

described henceforth.

1.3.4 Spatial encoding

When MR signal is measured without spatial localisation, signal measured in the

coils comes from the entire sample. To localise the signal to a specific position,

three separate magnetic fields are applied in three separate steps to spatially

encode the signal.
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1.3.4.1 Slice selection

Selection of a 2D slice can be achieved by deploying a linear gradient
(perpendicular to the slice) when the excitatory RF pulse is applied (Figure 28).
This causes the Larmor frequency to change along the axis of the gradient and
as such, the RF pulse can be tailored to excite a certain range of frequencies
representing the desired slice. In practice, the slice thickness is determined by
the range (transmit bandwidth) of frequencies in the RF pulse and the steepness

(strength) of the slice select gradient.
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W

Figure 28. Slice selection (e.g., an axial slice in this instance)
involves the application of a linear gradient alone the length of the
patient. Reproduced from FRCR Physics Notes

(https://www.radiologycafe.com/frcr-physics-notes/).

To further localise the signal in 3 dimensions (generating a grid of pixels within

the 2D slice), phase and frequency encoding steps are required.

1.3.4.2 Phase encoding

Following an excitatory RF pulse in the presence of a slice selection gradient (Gs),
another gradient is applied. This phase encoding gradient (Gp) causes some

spins to accelerate and some to decelerate. When Gy is turned off, this relative
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change in phase is encoded within the signal and can be used to patrtially infer

spatial location.

1.3.4.3 Frequency encoding

Following the phase encoding gradient (Gp) a further frequency encoding gradient
(Gs) is applied along the readout direction, which causes the precession
frequency to vary linearly along that direction and as such, allows spatial
encoding within the slice. The frequency encoding gradient is applied for longer
than the phase encoding gradient and is applied at the same time as MR signal

readout.

1.3.4.4 Spin echo pulse sequence

A basic diagrammatic representation of a pulse sequence for a single RF spin
echo with echo planar imaging (EPI) readout is shown in Figure 29. This will be

adapted in later sections.

180°
90°

v

RF pulse

i
o B M

selection (Gs)

v

y

Readc

Echo A/V\A/\/\ WWMMMH,

Time T T
0 TE

v

Figure 29. An example of a spin echo pulse sequence. Note that
the readout gradient is blipped i this is an echo planar imaging
readout gradient T it is a time efficient method of phase encoding

a slice (taking a few milliseconds) from a single RF shot.
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1.3.5 K-space

Data are typically stored in arrays i multidimensional grids, composed of columns
and rows. Cells within an array contain the variables or datapoints. K-space is the
name of the space (array) in which spatial frequencies of the MR data are stored.
K-space has axes kx and ky which correspond to the x (horizontal) and y (vertical)
axes. However, points in k-space (e.g., ki,k2) do not map one-to-one (i.e. directly)
to pixels/voxels in the image domain (e.g., X1,y2). Rather, each individual point in
k-space contains spatial frequency and phase information about every pixel in
the magnitude image. Data in the k-space (kx,ky) and image (x,y) domains can be
converted back-and-forth using the Fourier and inverse Fourier transformations,

respectively, as shown in Figure 30.

Figure 30. K-space is the domain in which spatial frequencies are

stored (left) i.e., it is the spatial frequency domain. These data
undergo Fourier transformation to obtain the magnitude image
(right) used in clinical medicine. Reproduced from Questions and

Answers in MRI (https://mriquestions.com/what-so-k-space.html).

1.3.5.1 K-space filling

Given that k-space is simply a grid, there are several methods of filling the grid
(Figure 31) which have their own strengths and weaknesses. These methods are
typically divided in Cartesian and non-Cartesian:
1 For most 2D MRI acquisitions, k-space data are acquired on a Cartesian
grid which facilitates the application of a fast Fourier transformation. The
downside of Cartesian sampling is the time required to fill the entirety of k-

space as only one line is populated per TR (each pink line in Figure 31

74



T

represents a single TR). This means that the scan time is proportion to the
number of phase encoding steps.

Alternatively, k-space may be filled in non-Cartesian trajectories.
Generally, these formats of data require regridding for reconstruction.
Some non-Cartesian sample techniques (Figure 31) include:

0 Zig-zig sampling: in this method, the readout gradient is blipped in
a long train to complete all phase encoding steps following a single
RF pulse. This is known single-shot echo planar imaging (SSEPI)
which is very efficient, as all phase-encoding steps can be
completed after a single RF pulse. However, EPI is highly
vulnerable to susceptibly artefacts and induces other artefacts
(discussed in Chapter 5) which are related to the rapidly switching
gradients. To reduce such artefacts, k-space can be filled
segmentally, using readout-segmented EPI (rsEPI) although this
comes with a time penalty whereby each segmentation requires
another TR. For example, a rsEPI with segmentation factor of 2
would take twice as long as a SSEPI sequence.

o Radial and spiral sampling: these methods of k-space filling (which
may be "spiral in" or "spiral out" or a hybridisation) are intrinsically
less sensitive to subject motion and permit a shorter TE. However,
because the frequency and phase-encoding directions are
inseparable, they have unique artifacts, they are more vulnerable
to gradient irregularities, gradient mistiming and concomitant field

gradients. Moreover, image reconstruction is more complex.
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Figure 31. Methods of k-space sampling. Reproduced from

Questions and Answers in MRI (https://mriquestions.com/ k-

space-trajectories.html).
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Chapter 4. Diffusion Weighted Imaging

This chapter provides an overview of diffusion weighted MRI, focussed on

techniques used for clinical imaging of the brachial plexus.

1.4.1 Introduction

Diffusion weighted MRI (dMRI) uses the biological principles of diffusion to
generate contrast in images. The contrast in dMRI images is based upon relative
differences in the macroscopic and microscopic structures of tissues, which
ultimately dictate the diffusion pathways. This chapter describes the
fundamentals of molecular diffusion, the core elements of dMRI pulse sequences
and problems associated with these modalities.

1.4.2 Brownian motion

Diffusion describes the physical random movements of molecules due to thermal
collisions. The random flux of particles through space over time is known as
Brownian motion and is described by the diffusion coefficient, D. The coefficient
of diffusion (D) is related to the root mean squared displacement over a given
time and so, typically given in units of area/time, such as mm?/s. When diffusion
is not restricted (for example, within the cerebrospinal fluid around the brain and
spinal cord), the displacement profile (D) is Gaussian and described by the

Einstein equation (Equation 2):

33

W

Equation 2. The Einstein equation. 3-is the mean displacement
length and Uis the time interval

1.4.3 Tissue anisotropy

Water in the human body is distributed between the intra and extra-cellular
compartments in a ratio of approximately 1:3. Pure water has no barriers or
hinderances to diffusion and so the diffusion is (very close to) isotropic. However,
human tissues have biological barriers, which are typically coherently arranged

(e.g., cell membranes, organelles, vascular spaces, etc) and these hinder/restrict
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diffusion. Therefore, diffusion in tissues is often anisotropic (Figure 32). The
degree of hindrance/restriction is determined by the size, shape and composition

of the barriers, and how they are spaced.

Figure 32. Schematic representation of the diffusion paths for pure
water (top left), a viscous solution (top middle) and nerves (top
right) with their corresponding diffusion ellipsoids. The
eigenvalues (o4, 82, and as) are oriented along the axes of the

respective eigenvectors. Adapted from Heemskerk (2006)%°.

In-vivo measurements of diffusion are subject to fluctuations in temperature and
interactions between spins, both of which vary over the diffusion time (.
However, @ is typically very small (milliseconds) in clinical dMRI and so

temperature fluctuations are not typically given consideration.

On the other hand, during g protons interact and encounter biological barriers,
so experiments with longer diffusion times are more likely to sample signal from
populations of restricted protons than scans with shorter diffusion times.
Therefore, the measured diffusivity is strongly affected by the diffusion time of the
sequence. For reasons such as this (and other experimental factors), the
measured diffusivity typically differs fromthetrue 6 i nt r i nanicoeficiet of f f u s i
the substance. Therefore, the term apparent diffusion coefficient (ADC) is

preferred for describing the flux over space and time.
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1.4.3.1 Anisotropy in peripheral nerves

In healthy peripheral nerves, the diffusion of water is highly anisotropic®. Several
biological structures and processes contribute to the observed anisotropy of
diffusion and the non-linear decay of dMRI signal. The degree of anisotropy is
sensitive to nerve-specific features (axon type and diameter, the degree of
myelination, the density of fibres [i.e. extracellular spacing] and their
organisation®%'63) as well as host characteristics, such as age. Each of these
factors have different magnitudes of effect on the dMRI signal and how much they
contribute is a matter of ongoing debate. It is difficult to resolve the hierarchical
effect of different biological structures and process on anisotropy because
obtaining samples of neural tissues from living humans is intrinsically disabling.
Therefore, to-date, most studies which have captured both dMRI data and tissue
for some form of morphological analysis (e.g., histopathology) are derived from
animals, deceased humans or diseased tissues. None-the-less, there is
consensus that the axonal membrane and myelin are the major biological

contributors to anisotropy.

1.4.3.2 Biological origins of anisotropy in peripheral nerves

The largest contributor to the restriction of water diffusion appears to be the
axonal cell membrane itself?64, More to the point, it is the geometry, orientation
and density of the axons®3, which influences the observed anisotropy within an
imaging voxel. Whilst myelin is not a requirement for substantial anisotropy in
peripheral nerves, it does modulate some of the observed anisotropy by hindering
the intra-axonal diffusion of water and the effect size appears to relate to the
density of the myelin sheath®>%%. These properties and how they might affect the

diffusion of water are summarised in Figure 33.
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Normal peripheral nerve
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Figure 33. Pictorial representations of healthy (blue) and
unhealthy (red) peripheral nerves in both longitudinal (top) and
cross-section (bottom). Possible paths of water diffusing are

illustrated by a dotted line.

Other nerve-related factors which may contribute to anisotropy. The cytoskeleton
of nerves is composed of longitudinally oriented cylindrical neurofibrils
(microtubules, Figure 6) which facilitate fast axonal transport and neurofilaments.
These longitudinally oriented structures impart non-random barriers to diffusion
(Figure 34) and hence reduce diffusion perpendicular (U) to the axon, such that
the coefficient D(U) would be less than diffusion occurring longitudinally D(//).
Experiments which eliminate these cytoskeletal structures (microtubules) have
demonstrated that they have a small but observable effect on diffusion
anisotropy®*. On a related point, the axonal diameter has also been shown to
influence the observable anisotropy given that larger axons typically contain more
microtubules®’. To-date, it is unknown whether axon diameter is independent of

microtubule density in terms of diffusion antitropy.
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microtubule
axonal membrane myelin neurofilament

Figure 34. A longitudinal section of an axon showing how the
axonal membrane, myelin and microtubules hinder diffusion
perpendicular D(Y) to the axon, favouring diffusion parallel D(/)
to the fibre orientation. Reproduced from Beaulieu (2002)°°.

In healthy nerves, the perineurium is a highly organised lamellar structure,
contributing to diffusion anisotropy. The tight junctions and desmosomes
connecting adjacent perineural cells within each layer of perineurium act as a
selective diffusion barriers®® 70, Normally, the perineurium is typically very thin
(0.1em’?) relative to the size of the axon. Recent work shows that both fibre
packing/density (i.e. the amount of perineum or fibrotic tissue around nerves) and
the density of cytoskeletal structures play a role in determining the anisotropy of

nerves’?,

Other host factors affect the anisotropy of nervous structures. In the brain,
anisotropy of white matter tracts increases from infancy through to early
adulthood’3, although it is unclear whether this is due to improved myelination or
coherence of fibre pathways. The converse occurs in later life whereby white
matter tracts have reduced anisotropy, although again the biological/structural
origins of this are unclear. This phenomenon has also been observed in
peripheral nerves, whereby anisotropy reduced with advancing age; however,
dMRI data from the limbs has not been collected from children or the elderly (data
only exists for teenagers and adults into their 6" decade of life’*7%), so limited

inferences can be made.
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1.4.4 Diffusion sensitisation

Within an external magnetic field, spins are subject to both relaxation and
diffusion. For spins with net zero displacement at time [ loss of phase coherence
can be reversed, and signal recovered. However, in human tissues water
diffusion is hindered / restricted to different extents and in the absence of

biological constraints by a cellular structure, diffusion leads to irrecoverable signal

loss.

1.4.4.1 Diffusivity

To measure ADC, the most common approach involves the combination of a spin
echo and pulsed field gradient. Together, this is known as pulsed gradient spin

echo (PGSE), or Stejskal-Tanner diffusion-weighting (Figure 35).
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Figure 35. An example of single shot pulsed-gradient spin echo
diffusion weighted sequence as described by Stejskal and Tanner.
U= slew time [measured along the x-axis, hence the dotted line], g

= diffusion time (aka inter-gradient pulse delay), U = diffusion

encoding duration, G = gradient amplitude
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The additional diffusion sensitising gradients (Figure 35, shown in orange) phase
label spins by location. The 1%t diffusion sensitising gradient causes spatially
varying dephasing of spins (Figure 36). Spins with net zero displacement over
the diffusion time (o9 will be rephased by the 2" diffusion sensitising gradient.
Conversely, populations of spins which are not restricted/hindered will move
(e.g., by diffusion, perfusion, etc) during the diffusion time and therefore not be

rephased by the 2" gradient, resulting in signal loss.

lst 2nd
Excitation diffusion diffusion Readout
sensitising sensitising
No diffusion Spins rephase
oY~ (Y tYtYt
Y~ More
A = — > — > signal
Y
; B S5 F/ Less
Pixel Dephase 5 LfL — signal
Displacement Displaced spins
of spins due to are not rephased
diffusion

Figure 36. A graphical representation of a pixel containing a
population of spins within a straight nerve. The 1%t diffusion
sensitising gradient causes spatially varying dephasing, shown by
different colours. In A, the diffusion gradient is applied
perpendicular to the long axis of the nerve (diffusion is restricted
radially), so less displacement occurs and so more signal is
recovered by the 2" rephasing gradient. In B, the gradient is
applied orthogonal to the nerve; as water can diffuse freely
bidirectionally in the nerve, there is relatively more displacement
during the diffusion time, spins experience a different field with the
2" gradient, and there is incomplete rephasing, causing signal
loss. Adapted from Mori & Zhang (2006)76.
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This method enables contrast to be generated across a spectrum of hinderance
to diffusion. Importantly, these diffusion sensitising gradients can be applied in
any direction and so, information about hinderance/restriction can be gathered in

3 dimensions.

1.4.4.2 b-value

The dMRI signal which is measured is related to both the diffusivity of the tissue
and the amount of diffusion sensitisation applied. The amount of diffusion
sensitisation is related to the strength of the applied gradient (or amplitude [G]),
how quickly it is applied and removed (the slew time, 0 and duration of its
application as shown in Figure 35. For PGSE, these values can be converted into
a single metric which summarisest he &6 a mo u nt $ensatibn, kchéowh &su s i o n

the b-value (b, Equation 3) which is measured in seconds per area (s/mm?).

1 R 1R

® VOMdQ 0 1 =
o @
Equation 3. Calculation of the b-value (b), wherebyo 1 s t he
gyromagnetic ratio, Gisthegr adi ent aistpelgiadientd e , a
pul se du-1bai8theodiifysiorgime (also known as the

inter-gradient pulse delay) a n d  the giadient slew time.

1.4.4.3 dMRI signal is non-Gaussian

The decay of dMRI signal intensity (S) is non-Gaussian in human tissue. That is
the signal attenuation in relation to b-value used does not follow a mono-
exponential model. This reflects the biological heterogeneity of tissues whereby
the diffusion displacement of water is different (typically slower) within tissue than
pure water, and further hindered/restricted by barriers, compartments and other
molecules. As such, the diffusion within tissues is described as having a positive

diffusion kurtosis (K>0).
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Positive kurtosis (K>0)

Gaussian

Figure 37. A probability distribution showing the displacement of
water in a fixed period of time. Pure water would exhibit Gaussian

diffusion. The diffusion of water in tissues exhibits positive kurtosis

Depending on the application, at very low b-values (<300 s/mm?) signal
attenuation may be greater (and the calculated ADC higher) than expected due
to intra-voxel incoherent motion (IVIM, Figure 38). As such, very low b-values are
rarely used (alone) to explore diffusion in clinical MRI. Between b-values of
approximately 300-1000 s/mm? diffusion is described as hindered, because it
typically follows a Gaussian displacement pattern. At larger b-v al ue s

s/mm?) the signal attenuation (S) is less than expected due to the non-Gaussian
(kurtotic) nature of the diffusion probability distribution (Figure 37). This is largely
due to diffusion occurring within the intra-cellular space, bounded by axonal

cytoplasmic structures and cell membrane
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Figure 38. Signal attention (S) in relation to b-value (s/mm?).
Reproduced from Le Bihan (2019)7".

1.4.5 O-space

Q-space is conceptualised as the limitless 3D space (X, Yy, z) used to record and
model diffusivities derived from dMRI experiments. Typically, diffusivity
(analogous to the diffusion coefficient) is measured in multiple directions per
voxel and recorded as a function of displacement in the x, y and z planes. From
this, mathematical models (such as the tensor, Figure 39) can be used to
describe the shape of the diffusion displacement.
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Figure 39. Graphical representation of dMRI data recorded in g-
space (a) whereby each colour represents a unique direction of
diffusion encoding (in the x, y, z planes) and the length of the
vector is proportional to the diffusion displacement (diffusivity). In

panel b, these

Furthermore, g-space can be sampled in different ways. The below graphic
(Figure 40 s hows an exampl e of shell -spmpkbdng
Sampling can also be free/random in g-space, according to some maximum

parameters specified and this is discussed in more detail in Chapter 8.

Figure 40. Sampling of g-space using 2 (left), 3 (middle) and 4
(right)d i st i n c Eachidstimeprésknts@ unique vector of
sampling. The inner shell (red) has the shortest diffusion time and
S0 is sensitive to less restricted spins. Each successive shell
typically has a longer diffusion time meaning that they are
sensitive to more hindered or restricted spins e.g., intracellular
water. Using the diffusivities measured at each point on the
sphere, from each shell, the underlying microstructure can be

inferred.
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Chapter 5. Artefacts associated with dMRI

The use of EPI offers a rapid method of filling k-space after a single excitation

and so, it is very appealing for dMRI. However, the use of rapidly alternating
gradients (the EPI readout) over a long echo train generates several artefacts

which are described and discussed below.

1.5.1 Noise

As dMRI signal is dependent on loss of phase coherence within voxels, the signal
to noise ratio (SNR) can be problematic, especially in the neck where coil
coverage is challenging. Signal attenuated is caused by diffusion sensitisation
and T2 decay (due to the long echo times necessary to accommodate the
diffusion gradients), so dMRI has an inherently low SNR. Consequently, low SNR
can corrupt dMRI measurements. It is well accepted that low SNR upwardly
biases estimates of FA’® and underestimates diffusivity’®. Simulations® suggest
that an SNR in non-diffusion-weighted images should exceed 10 to reduce such
bias®! although in reality, a much greater SNR is desirable and other factors (such

as the b-value) must be considered.

1.5.2 Susceptibility artefacts

Susceptibility describes the extent to which a tissue is magnetised within an
external magnetic field (Bo). Materials that oppose the external magnetic field are
described as diamagnetic (Figure 41). Materials that concentrate the field are
paramagnetic, or ferromagnetic, depending on the magnitude of effect. Materials
with these effects can cause signal loss from T2*-dephasing and spatial
mismapping. These in turn cause susceptibility-induced changes in the Bo and

spatially vary the b-value.
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Figure 41. Graphical representation of the effect of diamagnetic

O

(oppose/reduce the local magnetic field), paramagnetic
(concentrate/add to the local magnetic field) and ferromagnetic

substances.

Susceptibility artifacts are an inherent problem of single-shot echo-planar
imaging sequences (SSEPI), which are typically used for dMRI experiments. This
is largely due to the low bandwidth of the blipped phase-encoding gradients which
enable k-space to be filled within a single TR. However, the low bandwidth phase-
encoding gradients which are needed for fast imaging mean that small changes
in the static magnetic field and the susceptibility of tissues can have large effects
in the spatial mapping of signal. For this reason, susceptibility artefacts change
in shape when the direction of the phase-encoding (and implicitly, the frequency
encoding direction) are changed. Also, the shape and intensity of the artifact
depends on anatomic relationships, field strength, difference in susceptibilities,
the TE and bandwidth. Examples of susceptibility artefacts around the brain and
neck are shown in Figure 42 and Figure 43, respectively.

Figure 42. An axial slice through a brain taken with the phase
encoding direction as anterior-to-posterior (AP, left) and posterior-
to-anterior (PA, right).
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In relation to the brachial plexus, there are several interfaces between nerves, air
and bone which can induce distortions (Figure 43). Air is slightly paramagnetic
so the interface between the 1%t thoracic spinal root and the apex of the lung can
distort data. Conversely, calcium within bones is diamagnetic so the interface

between and the plexus and the 15 thoracic rib can again induce distortions.

Figure 43. b0 axial slices through the neck taken with left-to-right
(left) and right-to-left (right) phase encoding, using a single shot

echo planar imaging sequence.

1.5.3 Eddy-currents

To acquire dMRI, magnetic field gradients are rapidly changed which in turn,
according to Far adayedtyFiguradd). These etldyclerents
are unwanted, decay the magnetic fields and perturb desired gradients causing

errors in k-space sampling. This results in geometric distortions and ghosting in

the image.
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Figure 44. Eddy currents induced by an alternating current in a

coil.

In clinical MRI, eddy currents may be induced in any metallic component of the
scanner, devices within or on the patient or the patient as a whole. Importantly,
eddy currents can cause peripheral nerve stimulation and heat tissues. These
are typically limited by limits prescribed by the scanner software. The magnitude
of the eddy currents depends on the rate of change of the magnetic field, so they
are particularly problematic in dMRI and may induce image artefacts, such as

Nyquist ghosts (Figure 45).
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Figure 45. Nyquist ghosts of the brain

Eddy currents cannot be eliminated entirely but can be reduced by slowing the
gradient slew rates, using gradient pre-emphasis and with specific pulse

sequences, such as the O6bi poHgaredd. wavef orm shown i
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Figure 46. A modification to the Stejskal-Tanner pulse sequence

with a bipolar diffusion sensitising waveform (orange).

1.5.4 Motion

The need to acquire numerous DW images means that dMRI experiments
typically last several minutes. During such experiments, subject motion cannot
be avoided. In the neck, there are several different sources of subject motions
which are common. Voluntary movement due to positional discomfort is
frequently seen in the form of neck forward/backward flexion i the head coil limits
lateral flexion and rotation, so this is the plane in which motion is observed. The
bore the scanner is air conditioned and so subject typically develop dry lips,
necessitating lip licking which is often associated with bulk movement of the jaw
and neck. As saliva is constantly produced, subjects must swallow which
generates intrinsic neck muscle movement too. Motion related distortions arising

from breathing and large vessel dilation/contraction are also captured in the neck.
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Chapter 6. Pre-processing dMRI data

Pre-processing of dMRI data is a multi-step process concerned with correcting

geometric and signal distortions (Figure 47). The aim is to minimise false

negatives without increasing false positives in the post-processing (analysis)

phase.

Preprocessing

anatomical image B1 bias fielq

correction Estimation op

b=0image

Regisyaﬁo"

Figure 47. An overview of dMRI artefacts and (pre-processing)

methods of correcting them. Reproduced from Tax et al (2022)82.

It is widely accepted that attempts should be made to correct artefacts associated

with dMRI before analysis. This is because pre-processing improves the accuracy

of dMRI metrics and tractography (described in detail in Chapter 9)8. To achieve

this goal, there are numerous potential steps and several different software
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packages. Table 6 summarises the most commonly cited software packages for
pre-processing of dMRI, with their own potential advantages, limitations and
difficulties from the perspective of the user.

This chapter focuses on the most prevalent pre-processing techniques. These

steps are described in the order in which they are typically performed?®. However,

it shoul d be not ed t hat t her e i s st

pipeline, which encompasses the order, requisite steps, the methods for each
step and their respective settings. Consequently, the ISMRM diffusion study
group is currently running an international collaborative study to address the
heterogeneity of practice within the field. This study is capturing the typical
practices of users worldwide regarding their pre-processing pipelines and will
ultimately describe how this heterogeneity of practice effects the output dMRI
metrics and tractography from a set of standardised multishell dMRI scans from

the brain.
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Software packages

Features

MRtrix ExploreDTI DSI Studio FSL TORTOISE
Graphical user interface 6 6 n n (limited) o)
Software dependencies MATLAB None None None
Compatible Windows n n n n (via a WSL or virtualisation) n
Operating Mac n n n n (limited) n
Systems Linux n n n n n
Denoise n (MP-PCAS5) 6 o) n (SUSANE6) n (DIFFPREP?7)
Susceptibility correction n(using FSI® n n n (TOPUP#3) n (DIFFPREP®)
Eddy current correction n(using FSL n n n (eddys®) n (DR-BUDDI®%)
Outlier replacement n(using F Bdpd®y o} 6 n (eddys/repol°t) 6

. Slice-to-volume motion n(using 6 n (topup and eddy_cuda
Available ) n n (DR-BUDDI®0)

pre- correction eddy/mporder®2) /mporder9?)
processing Susceptibility-by-movement n(using FSL©6s n o n (eddy_cuda/ &

options correction of eddy®3) susceptibility_by_movement93)
Gibbs ringing correction n (local subvoxel-shifts®4) o) o e} n (DIFFPREP®)
. . ? (dwicat scales signal . . .
Signal drift _ ) n o] ] (]

intensity between volumes)

Registration n(using FSL n n n (FLIRT/epi_reg/FNIRT) n (DIFFPREPS7)
Quality assessment n n n n (eddy_qga) o}

Table 6. Software pipelines for pre-processing dMRI data and their functions at the time of writing.
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1.6.1 Denoising

Dealing with noise is an important and longstanding problem in dMRI
preprocessing. Consequently, there are numerous mathematical methods

available.

Historical approaches dealt with spatially varying and non-Gaussian noise by
using weighted averages of voxels. However, this typically caused loss of spatial
resolution and introduces partial volume effects. Consequently, denoising was

not widely performed in dMRI experiments until recent advances were made.

Modern techniques are based upon the concepts of principal component analysis
(PCA) - most signal-related variance is contained within a few components of the
image, whereas noise is spread over all components. Equally, noise-only
eigenvalues should follow the universal Marchenko-Pastur law as a result of the
random matrix theory for noisy covariance matrices. Therefore, the latest

approaches for denoising dMRI datasets are based upon MP-PCA®.

MP-PCA denoising is deployed in the open-source MRTrix3 package, via the
dwidenoise command. After application of the algorithm, the SNR of the b0
images in adult healthy brains is typically increased by 77% to 201%, without loss

in accuracy?®.

1.6.2 Correcting susceptibility artefacts

There are several methods for correcting susceptibility artefacts but the TOPUP#
tool within the FMRIB suite®* is the most popular approach. TOPUP takes either
a field map acquired at the time of scanning, or blip-up blip-down b0 data (bOs
opposing phase-encoding directions) with all other parameters held constant.
From these datasets (alongside other user input information, such as the readout
time) TOPUP estimates the off-resonance field and unwarps the b0(s), as shown

in Figure 48 and Figure 49.
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Figure 48 The same slice through the neck taken with the phase
encoding direction as left-to-right (left) and right-to-left (middle).

From these, an average b0 is generated (right).

Figure 49. One axial slice through the brain taken with the phase
encoding direction as anterior-to-posterior (AP) posterior-to-
anterior (PA). From these, an average b0 is generated (TOPUP).

Recent iterations of TOPUP incorporated a motion-correction module that

simultaneously estimates subject motion and more accurate methods of

concatenating data with severe distortions.

1.6.3 Eddy-currents, motion, empty planes and signal drop-out

The most common tool for correcting artefacts arising from eddy-currents is eddy
within the FMRIB suite®*. The original version was release in 2016%° and this
sought to incorporate the outputs of TOPUP (estimations of the susceptibility
induced off-resonance field) to correct both susceptibility artefacts and eddy-
current induced distortions. Since then, there have been several updates to eddy
and it can now also: perform motion correction, detect outlier slices and replace
them with predictions made by the Gaussian Process and interpolate empty
planes. Some of these processes are computationally intensive so are hardware

dependent. None-the-less, the core elements are widely adopted and have also
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been assimilated into several other open-source software packages, such as

MRtrix via the dwipreproc command.

To correct motion and eddy-current induced distortions, eddy has the same
requirements of TOPUP but make further recommends about how diffusion is

sampled, including:

1. Diffusion should be sampled across the whole sphere. Whilst both half and
whole sphere approaches sample diffusion in the same way (and
interchangeable vector schemes can be created from either starting point),
half sphere sampling does not facilitate eddy-current correction (Figure

50).
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Figure 50. Diffusion sampled in g-space across the whole sphere
(left) versus half sphere (right). Both have the same number of

unique directions (vectors).

2. When the experiment can accommodate >120 diffusion directions, rather
than acquiring many unique vectors, in one phased encoding directions
(most of which will be redundant) and then using reversed b0Os alone to
correct eh field, acquire full DWI datasets (each with >60 directions) in
opposing phase encoding directions. This approach enables the best
estimation of the field(s) caused by eddy-currents whilst simultaneously
improving SNR and providing sufficient angular sampling for most
modelling approaches downstream.

3. Acquire interleaved bOs throughout the DWI acquisition. This approach

best exploits e d d yndtisn correction modules.

Uniquely, eddy also corrects the b-table and outputs a corrected vector scheme.
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Alongside these corrections, eddy provides optional extra functions, which
include

1 Motion correction: there are several modules which the FMRIB suite which
seek to correct motion artefacts in synchrony, embedded within both
TOPUP® and eddy®®. Within TOPUP, the susceptibility induced field due
to motion is estimated from data acquired in opposing phase-encoding
directions (given that the field dependence on pitch and roll is linear). The
observed variance, after correcting for gross movement and eddy
currents, generates a unique susceptibility induced field for each volume.
This is passed to the --susceptibility by movement®® option within eddy
and complements the slice-to-volume motion correction (--mporder®?)
function.

1 Filing empty planes (--fep) which populates empty planes (in the
reconstructed EPI images) by duplication if the previous plane is
perpendicular to the frequency encode direction, or by interpolation
between the previous and the wrap-around plane if perpendicular.

1 The detection of outlier slices (defined as >4 standard deviations lower
than the expected intensity) and replacement with predictions made by the

Gaussian Process. This is enabled via the --repol®! option.

1.6.4 Regqgistration

As dMRI images are inherently distorted, and typically have worse spatial
resolution and contrast than anatomical images, so registering dMRI datasets to
non-distorted images is desirable. This ensures that regions of interest in the
dMRI maps correspond to anatomy and indeed, the same region can then be

interrogated on other images once images are registered.

Registration is the mathematical transformation into a common coordinate
system. The process of image registration can be manual (specifying a model),
semi-automated (a transformation is proposed and previewed for the user to
adjust) or wholly automatic. Registration methods are typically categorised as
rigid or non-rigid (affine or elastic, Figure 51).
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Figure 51. Examples of rigid and elastic image registration.
Modified from Logan et al (2014)°%°

Rigid transformation is used when geometric distortions are minimal or absent,
as this allows for rotation and translation only. For a 3D dataset, there are 6
degrees of freedom in a rigid transformation, namely 3 axes of rotation and

translation.

Affine registration methods allow for rotation, translation and scaling which
corresponds to 9 degrees of freedom in a 3D dataset. Affine registration can also
incorporate a 4" transformation, namely skew and this combination is sometimes
referred to as elastic transformation. In a 3D dataset, affine transformation with

scalings and skew has 12 degrees of freedom.
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Chapter 7. Post-processing: The Diffusion Tensor

Post-processing describes the steps taken to mathematically model dMRI data
for the purposes of estimating the preferred directions(s) of diffusion (orientation)
and the molecular diffusion rate. As diffusion is anisotropic in tissues, it is useful
to understand its 3D orientation such that inferences at the microstructure can be
made. There are several mathematical methods available for modelling dMRI
signal to estimate diffusivity, orientation and dispersion which are summarised

and discussed below.

1.7.1 Tensors

There are numerous mathematical methods for modelling the complexities of
diffusion in biological tissues, but the diffusion tensor® is the most common and
widely used. The diffusion tensor is a 2" order tensor that can be described as a
3x3 symmetric matrix, as shown below:

O O ©
o O O ©
o O ©

When diffusion is perfectly random (isotropic) the diagonal elements are all equal
and the off-diagonal elements are zero, so a single diffusion coefficient (D)

represents the overall diffusion tensor:

O
430
3404
o4-A

However, as diffusion in tissues is anisotropic the diagonals are unequal, and off-
diagonals must be considered. Given that the diffusion tensor model assumes
symmetry, mirror off-diagonals are equal (i.e., Dxy=Dyx, Dzy=Dy, etc) and so there
are 6 unique coefficients which must be estimated. Therefore, a minimum of 7
measurement are required which classically includes at least one b0 (a non or
low diffusion-weighted image) and at least six non-collinear diffusion-weighted
images. After processing, the tensor (L) is derived by regression, usually least-

squares linear regression:
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The tensor can be graphically shown as a diffusion ellipsoid. In the context of
dMRI data captured from a hypothetical nerve (Figure 52). The resultant glyph is
an ellipsoid (Figure 53) which implies anisotropic diffusion.

Figure 52. The curved lines represent axons of a nerve within a x-
y-z frame of reference. Six unique diffusion coefficients (Dxx, Dxy,
Dy, etc) are measured to calculate the diffusion tensor.

Reproduced from http://www.mriquestions.com
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Figure 53. The above graph (and tensor) is simplified to the
ellipsoid model whereby the long axis is parallel to (the tangent of)
the principal direction of diffusion. Reproduced from

http://www.mriquestions.com

The component eigenvalues (e) and eigenvectors (I ) are superimposed on the

glyph in Figure 54 to demonstrate their relationship to the ellipsoid.

X

Figure 54. In the ellipsoid model of the diffusion tensor, the
directions of diffusion are reduced to three vectors (a, e and &)
which are termed principal eigenvectors each of which have a
unique value/length (/1, /2 and /3) known as principal

eigenvalues. Reproduced from http://www.mriquestions.com.
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1.7.1.1 Apparent diffusion coefficient (ADC)

By holding all other parameters (TE, TR, etc) constant but varying the diffusion-
weighting of the MRI experiment, it is possible to calculate the diffusivity of
tissues, or more precisely the apparent diffusivity (ADC, as discussed earlier,
Equation 4). The experimental time (o, t he di jdnd the ologicali me
barriers to diffusion within the tissue of interest determine the coefficient of
diffusion, D. Therefore, apparent diffusivity can be estimated from differently
weighted images. In this way, the difference in signal attenuation in a given voxel
between a b0 image and diffusion-weighted image is the apparent diffusivity.

Equation 4. The apparent diffusion coefficient (ADC, aka trace) is
related to the signal intensity in a given voxel, measured at b-

values of by and b>

1.7.1.2 Mean diffusivity

Modern approaches to estimating diffusivity obtain DTI (DWIs from at least 6 non-
collinear directions, or more) which estimate the size of the average diffusion
tensor ellipsoid. This is done by averaging the eigenvalues (I 1, | 2 and | 3) which
gives a mean apparent diffusion coefficient, shortened to mean diffusivity (MD,
Equation 4). This metric is typically measured in mm?/s and typically displayed in

units of x103.

00O

Equation 5. The mean apparent diffusion coefficient, aka mean
diffusivity (MD)

Diffusion occurring along the principal eigenvector (e1) is the axial diffusivity (AD).

Diffusion sampled perpendicular to e is the radial diffusivity (RD, Equation 6).

YO ——
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Equation 6. Radial diffusivity

1.7.1.3 Fractional Anisotropy

To describe the amount of anisotropy within a given voxel (based on the diffusion
tensor), the fractional anisotropy (FA, Equation 7) is computed. This is a scalar

value from zero to one, given by:

Equation 7. Fractional anisotropy

When the FA is zero, diffusion within the voxel is perfectly isotropic _

_ ) and the diffusion ellipsoid is spherical (Figure 55). Nerves have coherently
arranged biological barriers (e.g., cell membranes, organelles, vascular spaces,
microtubules, etc) which hinder diffusion radial to the long axis. This means that
diffusion within nerves is typically highly anisotropic. As diffusion becomes more
anisotropic, the FA increases and the ellipsoid becomes more elongated (Figure
55).

Figure 55. Examples of perfectly isotropic diffusion (left) whereby
FA~O, diffusion restricted in some directions (middle) whereby the
FA is >0 and highly anisotropic diffusion whereby the diffusion is
restricted to one direction (right) and the FA~0.99.
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1.7.2 The limitations of DTI

With respect to the brachial plexus, there are several important limitations to DTI:

1.

It is unable to resolve crossing fibres (Figure 56 and Figure 57) which may
be important in the brachial plexus, where there is fascicular exchange
(Figure 15). The crossing/exchange in the brachial plexus is likely to be
on a lesser scale than that observed within deep structures of the brain,
where white matter tracts can cross at 90° to one another and in some
areas, 3 white matter tracts can cross within an imaging voxel. None-the-
less, there may be >1 fibre population within a given voxel in the brachia
plexus and as such, one tensor (or at least, (el aka vl) may not
adequately represent the underlying microstructure. At the voxel-level,
this could manifest as oblate or spherical tensors which may limit
tractography.

It is unable to differentiate fibre coherence from the intrinsic properties of
nerve microstructure (Figure 3). For example, DTl may be insensitive to
the differences between one demyelinated nerve with a normal axon
count, from a normally myelinated nerve with fewer axons. To-date,
diffusion-tensor derived metrics have been unable to resolve differences
in fibre density/coherence®97:% from changes to the actual microstructure
of nerves.

The Gaussian assumptions of tensor-based modelling fail to account for

non-Gaussian diffusion in some tissues (Figure 38) at higher b-values.
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Figure 56. Two different methods of modelling dMRI signal in an

area of the brain with crossing fibres. On the left, ellipsoids from
DTI which describe the average profile within a voxel and so
convey information on the dominant fibre population. On the right,
glyphs (fibre orientation density functions, fODFs) derived from
spherical deconvolution (SD) which demonstrate multiple fibre

populations. Reproduced from Dell ®®Acqua and Tour
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Figure 57. Graphical example of crossing nerve fibres. In this
configuration, multiple peaks are expected in the dMRI signal,
however the diffusion tensor is flat and thus insensitive.
Orientation distribution functions (ODFs) and a fiber ODF (fODF,
also known as the fiber orientation dispersion [FOD]) can be
estimated using other techniques. Reproduced from Descoteaux
(2015)1%,
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Chapter 8. Post-processing: Beyond DTI

There are several techniques which model the diffusion propagator and enable
the 3D reconstruction of crossing fibres as well as estimates of fibre density and
dispersion. These include multi-tensori®', PAS-MRIY?? Q-ball imaging!®,
spherical deconvolution'®+1% and its modern constrained variantsi®, ball and
sticks!%’, NODDI'® and GQI'®°. These methods can largely be divided into two
groups:
1. Methods based on qzpace!'® (aka 6 mo & e leap@oaches) which
typically estimate the diffusion orientation distribution function (diffusion-
ODF, dODF)
2. Methods based on mixture models ( a k a ébnaosdeedl 6 a p which

estimate the fibre orientation distribution function (fibre-ODF, fODF).

Both methods use spherical functions describe the diffusion signal, reconstruct
multiple lobes/peaks which represent the diffusion orientation(s) and amplitude(s)
which represents the diffusivity. Of note, dODF is usually closer to the real
diffusion displacement profile and so their glyphs are typically less sharp.

Conversely, fODF methods appear sharper as they resolve the underlying fibre

+

Figure 58. Two ODFs from the same voxel. On the left, a dODF
derived from diffusion spectrum imaging. On the right, a fODF

orientation (Figure 58).

dervied from spherical deconvolution

1.8.1 Model-free (g-space imaging) methods

As a concept, "g-space imaging" was first proposed by Callaghan'®. It is
described as the Fourier relationship between the ensemble spin propagator
P(r, (aka EAP), where ois the diffusion time and r the displacement, and the
diffusionAve i ght e d s iTheFadrier @latignstgp)oetween signal and the
spin propagator is akin to the relationship between k-space signal and spatial

distribution of spins. K-space encoding (coordinates) is defined by the readout
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gradient, whereas g-space encoding is defined by the diffusion gradient. As such,
k-space signals have a Fourier relation with the spatial distribution of spins
whereas g-space signal has a Fourier relation with the EAP (P(r,q)).

Cartesian sampling Single-shell sampling Multishell sampling Radial sampling

Figure 59. Diffusion sampling schemes in g-space for the
proposes of diffusion propagator imaging and compartment

modelling. Adapted from Descoteaux (2015)1,

Q-space imaging aims to estimate the angular dependence of signal to estimate
a dODF. Peaks in this dODF (the directions of the greatest spin displacement)
are assumed to correspond to the orientation of fibres within the nerve. Whilst the
methods used to estimate the dODF assume no models (hence the term model-
free), when applying the dODF to model orientation of fibres, a model must be
assumed. To-date, the most commonly used methods for g-space imaging

include:

1.8.1.1 Diffusion spectrum imading

Diffusion spectrum imaging (DSI)*'* was the first such technique to be described.
Originally, it required complete sampling of g-space e.g., in a cartesian
arrangement (Figure 59) which was profoundly time consuming and therefore,
not clinically applicable. Recent developments on the acquisition techniques (e.qg.
radial and multishell sampling) and post-processing methods (e.g. Generalised
Q-Space Imaging [GQI], Figure 60)'°° have made this approach feasible and

valuable.
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Figure 60. A graphical example of GQI (a derivative of DSI) being
used to generate a dODF from g-space data. Reproduced from

http://dsi-studio.labsolver.org/course/q-space-imaging-1

1.8.1.2 Q-ball imaging

Q-ball imaging'®® requires dense sampling of g-space (e.g. many vectors) at a
single b-value (or g-value) to estimate the dODF using the Funk-Radon
transformation. However, the angular resolution of the original approach was
inferior to DSI'* and so recent modifications have since been made, including
the use of spherical harmonics (SH) to both speed up and improve the
reconstruction''2113 such that it is now equivalent to DSI. Modern constrained
variants of SH (constrained spherical deconvolution, CSD)!% is now a popular
modelling choice for many and indeed, it is the default algorithm in the most
popular diffusion modelling software package worldwide, MRtrix.

1.8.2 Mixture (multi-compartment) models

An alternative approach for estimating fibre orientations within a voxel is based
upon the concept that the total diffusion signal observed is a summation of signal
from spins within different tissue compartments. In the simple DTI model, all spins
are assumed to derive from a single fibre population and thus, single
compartment. In the mixture models, different tissue properties are considered
whereby water than is highly restricted (e.qg., intracellular water) it is assumed to
generate a different amount of signal to extracellular water which may be less

hindered. Some methods also include isotropic compartments to account for
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partial volume effects. To-date, there are numerous models available but the

most common and currently used methods include

1.8.2.1 Ball-and-stick(s)

Variations on the ball-and-sticks'®” (Figure 61) approach are common. This
technique assumes that a) the ball compartment represents extracellular water
(e.g., CSF) which has no preferred direction of diffusion (hence it is represented
as isotopic), and b) the stick compartment which represents water within axons,

with a preferred direction of diffusion.

DTI model (dtifit) Ball & sticks model (bedpostx)

Estimated

Stick T

Measured
Signal \‘\ é ‘
Orientations \‘\ >k
Figure 61. The ball-and-stick model implemented within the
FMRIB FSL toolbox. The top tow shows the ellipsoid from DTI and
how this would be represented as 1 ball and 1 stick. Below are
examples (in red) of how different measured signals
correspondences to different numbers of sticks. Reproduced from
the FMRIB FSL teaching materials available at

https://www.youtube.com/watch?v=4dGC1kdNviM

By taking a Bayesian approach and utilising Markov Chain Monte Carlo
simulations, the model-predicted signal for multiple different fibre orientations
and stick:volume fractions can be compared to the measured dMRI signal, on a

voxel-by-voxel basis (Figure 62).
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Figure 62. From the top-down, random changes to the size

O s 8

5000 iterations per voxel

0

Output samples

® R
e
>

(volume) of the ball and orientation of the stick are generated, its

dMRI signal predicted and compared to the measured signal. If

the change is compatible with measured signal, then the model-

prediction is accepted as plausible. Reproduced from the FMRIB
FSL teaching materials available at

https://www.youtube.com/watch?v=4dGC1kdNvi1M

This approach generates all possible fibre orientations that are consistent
with the measured signal. Ultimately, a distribution of uncertainty around
the preferred fibre orientation (a pre-specified number of sticks) are
generated (Figure 63) which may be used to visualise the fibre population
in a given region (e.g., with the roots of the brachial plexus, to understand
if there is axonal sharing) and ultimately, for probabilistic tractography

which may be superior to tensor-based deterministic tractography.
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M M Orientation

Distribution

Orientation
wuﬁon
DTI ellipsoid b

Figure 63. The predicted/simulated sticks (derived from MCMC

DTI ellipsoid

modelling) which fit the measured dMRI signal in white matter
(WM) and grey matter (GM) or CSF. Alongside these sticks, the
representative diffusion tensor ellipsoid. Reproduced from the
FMRIB FSL teaching materials available at
https://www.youtube.com/watch?v=4dGC1kdNv1iM

1.8.2.2 NODDI

The neurite orientation dispersion and density dispersion NODDI model'%8
distinguishes three non-exchanging spaces/compartments (Figure 64):

1. The intra-axonal (intra-neurite) space i signal is assumed to derive from
within axons, modelled as cylinders (of zero radius), with diffusion
assumed to be restricted and forming by a Watson distribution, the
spherical equivalent of the Gaussian distribution.

2. The extra-axonal space i signal is assumed to derive from hindered
diffusion around axons. It is modelled as anisotropic Gaussian
(cylindrically symmetric tensors)

3. The extra-cellular space i signal is assumed to derive from extracellular
water (e.g. CSF) which has no preferred direction of diffusion. This is
analogous to the ball of the ball-and-stick model. It is modelled as isotropic

Gaussian diffusion

Intra- Extra- CSF

Figure 64. The NODDI concept. Axons and dendrites are

collectively known as neurites
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By modelling the dMRI signal in a compartment fashion (Equation 8), NODDI
outputs unique maps which show the orientation dispersion index (ODI), intra-
cellular volume fraction (Vic) and the isotropic volume fraction (Viso) which

represents cerebrospinal fluid (CSF).

v O Oy "0 Yy
Equation 8. A simplification of the NODDI model which assumes
that the observed signal (S) is a summation of some function (F)

of three different compartments i.e., the intra-neurite (ia), extra-
neurite (ea) and CSF.

This approach enables quantification and visualisation of new parameters and

corresponding maps (Figure 65), beyond those generated by DTI.

.4\‘ '-'i:: ‘f’,

Figure 65. An axial slice through the brain reconstructed using
NODDI showing (from left to right) maps of the RGB-encoded
principal direction, FA, orientation dispersion index (ODI), intra-

cellular volume fraction (Vic) and the isotropic volume fraction

(Viso). Reproduced from Zhang et al (2012)108

However, NODDI has not been applied to peripheral nerve data and it is unclear

whether the modelling assumptions are appropriate.
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Chapter 9. Tractography

This chapter provides an overview of tractography methods available for dMRI

data, alongside their relative benefits and limitations.

1.9.1 Introduction

Tractography, also known as fibre tracking, is a method of estimating the
connectivity of diffusion data. Using ODFs derived from any of the approaches
described earlier (DTI, CSD, GQlI, etc), the voxel-to-voxel connectivity can be
estimated. To appreciate connectively within the brachial plexus (e.g., root to
trunk, or trunk to division) and its connectivity to the spinal cord, performing
tractography and deriving fibre-based statistics is desirable.

Foremost, there are numerous terms related to tractography which are used

interchangeably in the literature. These are summarised and distilled below.

1.9.1.1 Terminoloqy

Also known as fiber (or fibre) and streamline tracking, tractography is a
mathematical exercise. It derives line segments which connect neighbouring
anisotropic voxels in 3D space (Figure 70). The term Atracki
Atraci ngo ypisallytpértainsitodhe tise of injected tracers for labelling.
And the spelling 6tracké and o6tracté
0Trackso6 are the virtual | ines going
pathways in-vivo in the brain. To avoid confusion, many advocate the term
streamline (which will be used henceforth) instead of track, with the aim of
reminding readers that these are virtual (digital) representations of the trajectory
of axons, not images of actual nerves. Furthermore, whilst streamlines are
supposed to be virtual representations of axons, they rendered graphically on a

much larger scale than actual axons within real tracts e.g., the corticospinal tract.

Streamlines originates from a point of interest (a seed) and are
evolved/lengthened step-by-step until termination criteria are reached. There are
various algorithms and approaches to generating streamlines and numerous
conditions which can be used to terminate a streamline, all of which are discussed

later.
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Streamline bundles, clusters or pathways are all terms for a collection of several
(typically hundreds or thousands of) streamlines which are packed tightly
together in 3D space. These are virtual representations of the thousands or
millions of actual axons within a nerve or white matter pathway. Henceforth, the
term streamline bundle will be used. From such bundles, metrics can be extracted
such as the average anisotropy, diffusivity or density.

Finally, a tractogram is a collection of streamlines (bundles or otherwise) which

represent the overall anatomical structure.

1.9.1.2 Software

There are numerous software packages available for dMRI post-processing and
the most popular for generating streamlines are shown in Figure 66. Whilst the
output tractograms of these different approaches largely agree, there are
important differences which should not be ignored?**4.

Number of Citing Publications
0 200 400

S _ -

DS Studio (UPitt 383

ExploreDTI (UMC Utrecht

TrackVis (MGH

z i
Py 17
T _ -
DT Studio/MRI Studio (JHU _ 101

TRACULA (MGH

SlicerDMRI (BWH

FATCAT (AFNI, NIH . 23
Flbevr.'at.xgd(oul 9

Figure 66. Bar chart showing the most popular software packages
(by citation counts) for tractography until the end of 2020.
Available at https://youtu.be/3PcUSHmMgoYo
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1.9.2 Deterministic tractography

The first algorithms for generating streamlines were tensor-based. These
methods were based on the local orientation of diffusion, whereby the principal
eigenvector (el but typically shown as v1 in the tractography literature. The
principal, eigenvector is the one associated with the largest eigenvalue, i.e., the
direction of maximum diffusivity and this is assumed to be parallel to the

underlying trajectory of axons.

1.9.2.1 FACT

The earliest algorithm, first published in 1999 was the FACT (fiber assignment by
continuous tracking)*® although this was revolutionary, the variable step size

(Figure 67) and inherent difficulties dealing with sharp changes in direction limited

=2l E=— f
)M

Figure 67. FACT tractography. Reproduced from Mori et al
(1999)115,

its application.

1.9.2.2 Interpolated streamlines

Soon after, in 2000, a family of algorithms were developed which are collectively
known as interpolated streamline tracking''® (Figure 68). These algorithms use a
fixed (user specified) step sizes which are be considerably smaller than the
dimensions of the voxel. Additionally, the trajectory of the streamlines can be
smoothed by the trajectory of the incoming and outgoing streamlines. Different
algorithms approach this concept differently; the most prevalent deterministic
methods include the Euler technique (which uses a single differential equation)

and Runge-Kutta method (which uses recurrent differential equations, typically to
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the 4™ order) to better estimate streamline trajectory. Both can be used on tensor-
based and ODF-based data.

Figure 68. Interpolated streamline tractography.

1.9.2.3 Seeding methods

There are two main methods for choosing were streamlines should start (Figure
69) i this is known streamline seeding. Seeding from all possible locations within
the anatomical pathway is desirable because it represents the highest chance

that all true paths are represented.

o O
o
O O
4
o O

Figure 69. In black (left) is the ground truth of fanning pathways.
Seeding from a single central region (orange diagram) fails to
demonstrate all true pathways. Seeding everywhere (right, blue
diagram) with a specified waypoint (yellow) better represents the
truth.

1.9.2.4 Stopping criteria

There are several ways of specifying when a streamline should stop i.e., no
longer propagate into a neighbouring voxel. The most common stopping criteria

are based on:

120



1. Anisotropy i when the anisotropy (typically fractional or quantitative
anisotropy) exceeds a specified threshold tracking continues in
neighbouring voxels (red in Figure 70) but when this value falls below the

cut-off (e.g., FA<0.1), then tracking terminates, as shown in green.

OO 000 0000
O (O §O0O O=00
O (10 100 O) 00
M0 OO O1O00

Figure 70. Simplified examples of the termination tractography

O O
O O
O O
O O

based on the turning angle. On the left, the red streamline
propagates through neighbouring anisotropic voxels because the
turning angle is below the prespecified threshold. In the middle, an

example of termination based on an anisotropy thresholding,
whereby the green line terminates when the FA of the adjacent

voxels exceeds the prescribed threshold. On the right, an example

of angular thresholding whereby the yellow line does not
propagate through the anisotropic voxel containing an orientation

perpendicular to the previous voxel(s).

2. The turning angle i if the streamline is required to turn through an
improbably high angle to continue (this angle is user-specified and based
on the geometry of the anatomy e.g., in the brain i t typgally set to 30-
40°) then tracking stops, as shown in the yellow streamline in Figure 70 1
although there is a neighbouring highly anisotropic voxel, it would be
required to turn through 90° to continue and this angle is above the
threshold. The turning/step angle depends on the imaging resolution, and
algorithms used for both EAP (dMRI signal) reconstruction and

tractography.

3. Anatomical constraint i using masks, streamlines can be forced to start

(seed) within specific regions, pass through waypoints, terminate within
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and/or avoid specific regions in any combination. In the brain, it is
commonplace to seed throughout the white matter, exclude tracts that

stray into the CSF and constrain endpoints to the grey matter.

1.9.3 Probabilistic Tractography

The goal of probabilistic tractography is to estimate the probably of different
anatomical regions being connected, by building up a distribution of possible
streamlines based on the observed dMRI data. In the context of the brachial
plexus, this could be used to estimate the chance of axonal integrity in the roots

and the chance that they are connected to the spinal cord.

There are less numerous but still several ODF-based methods of estimating the

probability of different streamlines

1.9.3.1 Hough probabilistic tractography

The technique described by Imangi et al (2011)*'7, Hough tractography is based
upon Q-ball imaging!®® (Section 1.8.1.2). Normalized and dimensionless,
constant, solid angle ODFs are computed prior to tractography. Typically, tens-
of-thousands of streamlines are fitted and then, the Hough transformation voting

process is applied to determine the best fitting streamline(s).

1.9.3.2 Bedpostx and Probtrackx

The FMRIB suite of FSL tools uses the ball-and-sticks!®” approach (Figure 61),
implemented in their Bayesian Estimation of Diffusion Parameters Obtained
using Sampling Techniques (Bedpostx, whereby the x stands for crossing fibres).
Thereafter, the probtrackx tool generates maps of the probability of regions being
connected, depending on how users have specified the tractography to occur

(seeds and targets).
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Figure 71. On the left, no crossing fibres are seen so the majority

of streamlines are congruent, meaning that the probability of

connectivity is high. On the right, cross fibres are seen to the

streamlines are shared between different bundles. Reproduced

from the FMRIB FSL teaching materials available at

https://www.youtube.com/watch?v= N8hzzo818U

1.9.3.3 Deterministic versus probabilistic tractography

The main difference between these two methods of tractography is the sampling

of the local orientation at each voxel. In deterministic methods, the streamline is

steered by a fixed direction, the principal eigenvector. In contrast, with

probabilistic methods a distribution of orientations is estimated per voxel and

streamlines are steered from a random draw from this population.

Deterministic methods are more commonplace and computationally inexpensive.

However, critics of deterministic tractography cite that it cannot account for

inherent uncertainty in local orientations!8, i t odesly sensitive to the estimated

principal direction®® and susceptible to noise!'®. Probabilistic tractography better

accounts for uncertainty8120.121 in the data but it is computationally intensive.
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Chapter 10. The Rationale for Investigating diffusion MRI in

Peripheral Nerve Injury

In section 1.4.3.1, it has been shown that the microstructure of healthy nerves
(Figure 33 and Figure 34) compels the axoplasm to diffuse bidirectionally. This
means that healthy nerves exhibit highly anisotropic diffusion. In this chapter, the
literature on dMRI in peripheral nerve injury will be summarised, followed by the
objectives for developing a clinically applicable dMRI sequence for capturing

microstructural information about the brachial plexus in adults.

1.10.1.1 Diffusion in injured animal nerves

Following a traumatic peripheral nerve injury, the microstructure of a nerve
changes (section 1.1.5). To-date, numerous studies have shown that diffusion
becomes more isotropic in the distal stump of injured peripheral nerves in rats??'
128 and rabbits?%130, More specifically, in the distal nerve stump (which is
disconnected from the cell body), RD rises as microstructure is lost and FA
reduces (Figure 72 and Figure 74). In the proximal stump (which remains
connected to the cell body so microstructure is maintained), FA and MD remain
relatively unchanged in the acute phase, whilst there is potential for axon

regeneration.
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Figure 72. The median fractional anisotropy (a), and mean (b),
axial (c) and radial (d) diffusivity values in the sciatic nerve of a rat
change 4 weeks after injury. Reproduced from Andersson et al
(2018)*%,

Changes in DTI metrics are also proportional to the severity of peripheral nerve

injury (Figure 73)'24125 and associated with limb function!?2128,
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Figure 73. Split violin plots showing that FA falls and RD rises in
proportion to the severity of peripheral nerve injury in rats.
Reproduced from Manzanera et al (2021)%%4.

Moreover, several studies have shown that dMRI is sensitive to axonal
regrowth'?7130 je., regeneration of axons across the zone of crushing or

neurorrhaphy (Figure 74).
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Figure 74. Changes in the DTI parameters of the sciatic nerve in

rabbits who were subject to either chronic compression (CCI) or

sham surgery. Diffusivity values are in x10'3 mm?/s. Reproduced
from Wu et al (2018)*%8,

1.10.1.2 Diffusion in injured human nerves

DTI has been consistently shown to be sensitive to microstructural changes in
humans with numerous peripheral nerve pathologies and outperforms standard
morphological imaging*3!. Some applications of DTI in humans to-date include:
{ Carpal tunnel syndrome3®? i in this meta-analysis, 32 studies of 2643
wrists, belonging to 1575 asymptomatic adults and 1068 patients with CTS
were compared. Patients with carpal tunnel syndrome had a 12% lower
FA than controls (95% CI 0.09, 0.16) and higher MD (mean difference
0.16x10"2 mm?/s [95% CI 0.05, 0.27]) than controls. Heckel et al (2015)5*
also showed that DTI in parameters carpal tunnel syndrome are strongly
associated with electrophysiological parameters.
! Cubital tunnel syndrome!33¥ 138 | numerous studies have shown that
patients with ulnar nerve compression have a lower FA (of the order of

10%) and higher radial diffusivity, throughout the length of the ulnar nerve.
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1 Lumbosacral nerve root root compressiont3® i in this meta-analysis, 10
studies of 262 patients with 285 symptomatic underwent dMRI. The DTI
parameters in symptomatic (compressed) lumbosacral nerve roots were
compared to asymptomatic roots. Compressed roots a 3% lower FA than
healthy roots (95% CI 2.3, 3.8) and 2% higher MD (95% CI 0.9, 3.2) than
healthy roots.

{1 Charcot-Marie-Tooth disease'?%' 142 several studies have shown that DTI
is sensitive to the demyelination and axonal loss which occur in this
hereditary condition, manifesting as lower FA and higher diffusivity. dMRI
can further differentiate subtypes of Charcot-Marie-Tooth disease (1A
versus 2) which have different patterns of demyelination and axonal

loss140,
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Figure 75. Boxplots showing the FA (a) and MD (b) from lumbar
spinal nerve roots in patients with Charcot-Marie-Tooth (CMT)
disease type 1A, type 2 and controls. Reproduced from Sun et al
(2022)140,
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{1 Traumatic peripheral nerve injury'*® which is marked by higher MD (due to
inflammation and haemorrhage), raised RD (due to loss of axonal
architecture) and thus, reduced FA (Figure 76). Moreover, tractography
based on dMRI can identify partial and completely divided peripheral

nerves within days of injury44.
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Figure 76. Boxplots showing the DTI parameters from
healthy controls (green), patients with traumatic peripheral
nerve injury (TPNI, red) and carpal tunnel syndrome (CTS).

Reproduced from Pridmore et al (2021)43,

{ Peripheral nerve tumours'4> whereby DTI parameters in the neoplasm are
substantially different to heathy nerves and tractography can help plan the

approach to surgical resection.
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1.10.1.3 dMRI in the brachial plexus

At the time of planning the research on which this thesis is based, five studies4®'
150 had investigated DTI in the brachial plexus. Three involved healthy volunteers
who were scanned at 3T46"149 one articled considered neoplasms compressing
the plexus!*® and one group!®® reported deterministic tractography in patients

with brachial plexus injuries at 1.5T.

1.10.2 Why develop dMRI for brachial plexus injuries?

The diagnosis of peripheral nerve disorders (of any type) is inherently difficult
because many of the medical tests available in routine clinical practice are
unreliable. Moreover, many disorders, especially in the field of surgical nerve
disorders, lack diagnostic criteria which is arguably due to the fact that there is

no objective, accurate and repeatable medical test.

1.10.2.1 Symptoms and signs

Most of the classically described symptoms of nerve disorders (such as nocturnal
paraesthesia and provocative tests such as Phalen and Tinel, scratch-collapse
and sensory threshold testing in carpal tunnel syndrome!®%152) have poor
diagnostic value. This is also reflected in the brachial plexus whereby provocative
tests (albeit less studied) are unreliable for grading the severity of injury®®3 or

predicting outcomes.

1.10.2.2 Electrodiagnostics

Despite the widespread use of electrodiagnostic studies, it is an unreliable
invasive and painful test which evokes patient anxiety®#1%°, Also, there are no
established normal values which immediately undermines its diagnostic
application. This is why numerous studies have shown that for the most common
neuropathy worldwide, carpal tunnel syndrome, it has poor diagnostic
accuracy!®®, This is also the case for BPI'®’. For these reasons, surgeons ignore
the results of electrodiagnostic tests when they disagree with the clinical

picture!®,
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1.10.2.3 Ultrasonography

Recently, sonographic measurement of the cross-sectional area of peripheral
nerves has gained popularity for diagnosing abnormalities. Whilst it has good
inter-rater and intra-rater reliability®°, and validity6%161 in various applications, it
has not been adopted into routine clinical practice for several potential reasons:
a) How the cross-sectional area of peripheral nerves is affected by other
factors such as age, sex, diabetes, sonographer technique [pressure
applied, measurement angle, etc] and the hardware is unclear,
b) Whether the epineurium should be included in the measurement and how
it affects the measurement is not clear
c) How these measurements relate to injury severity, or subjective (patient-

reported) and objective outcomes has not been investigated.

Moreover, sonography still only provides morphological information about nerves
(their size and shape) and has few other potential applications in the contact of
nerve injury. Despite these limitations, the cost is similar to that of MRI (£220
versus £389)%62,

1.10.2.4 MRI

To-date, morphological MRI has been shown to be the most accurate non-
invasive test for diagnosing brachial plexus injuries?®. MRI is superior to nerve
and muscle electrophysiology studies®, ultrasonography3!'3# and intraoperative
somatosensory-evoked potentials®®. In the UK, the cost of a non-contrast MRI of
the extremity is also less than an electrodiagnostic exam (£389 versus £444).162
Moreover, MRI has numerous other potential applications which could be
valuable for patients and clinicians alike. It is the only non-invasive medical test
which could also provide objective information on other tissues and broader
functions to inform the management of BPI, by capturing information on:

1 Macroscopic regional anatomy via morphological classical T1/2 weighted
scans. This could provide an opportunity to identify incidental anomalies!3
or non-BPI injuries which typically occur simultaneously, such as rotator
cuff tears1®4.

1 The connectivity of end organs in the upper limb to the brain, through
resting-state functional MRI, supplemented with motor and sensory
paradigms65' 169,
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1 Thepl asticity of the sensorimotor
reinnervate end organs) via singe-voxel spectroscopy of prognostically
important neurotransmitters, such as G A B A -arirmobutyric acid)7%172,

1 Skeletal muscles, such as their T1 and T2 signal profile which changes in
the acute phase of denervation, fat fraction'’? which increases in the
medium-to-long term after denervation, and aberrations in elastography or
iron deposition profiles. Together, these data could establish the subject-
specific normal values in uninjured muscles, their state of innervation at
baseline (after injury) and the likelihood of subsequent recovery if
reinnervated. Unlike electromyography, this information could be captured
painlessly and from multiple muscles simultaneously, at less expense to
the health service.

1 The vascularity to the Ilimb. Concomitant vascular injury is an
uncommont’3174 but critically important to identify so contrast-free
angiography (such as time-of-flight angiography!’®) may be valuable.

1 Microstructural information from the spinal cord, brachial plexus and

regional muscles via dMRI.
For these reasons, MRI appears to be the most potentially useful tests to develop

and for capturing information on the

to be the most useful modality.

1.10.3 Research Objectives

By chapter, the primary objectives are as follows:

Chapter 1: Estimate the diagnostic accuracy of conventional, morphological MRI
for diagnosing the most common form of brachial plexus injury, root avulsion, in

adults subject to major trauma worldwide.

Chapter 2: Develop a clinically applicable diffusion tensor imaging sequence for
the brachial plexus in adults, and compare the DTI parameters of spinal nerve
roots in healthy individuals to patients with surgically confirmed brachial plexus

injuries.
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Chapter 3: Model the geometry of the roots of the brachial plexus in cadavers to

define the required step angle(s) for dMRI tractography

Chapter 4: Explore the effect of different fractional anisotropy thresholds for

deterministic tractography of the brachial plexus in healthy adults.

Chapter 5: Define the normal DTI values of the roots of the brachial plexus via

meta-analysis, and explore how FA and MD vary with experimental conditions.

Chapter 6: Explore the effect of different pre-processing pipelines on DTI
parameters and tractograms of the brachial plexus

Chapter 7: Investigate the possibility of multiple fibre orientations within the adult
brachial plexus using multishell dMRI and how this may influence deterministic
versus probabilistic tractograms, as well as future dMRI sequence development

and data processing.
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Chapter 11. MRI for Detecting Root Avulsions in Traumatic

Adult Brachial Plexus Injuries: A Systematic Review and

Meta-analysis of Diagnostic Accuracy

Published at https://doi.org/10.1148/radiol.2019190218 (Appendix 2)

1.11.1 Background

MRI is the best non-invasive test for brachial plexus injuries?® and most surgeons
use pre-operative MRI in an effort to identify patients with roots avulsion.
However, clinical sequences are still aimed at generating contrast between
macroscopic anatomical structures (e.g., nerve and muscle, or nerve and CSF)
and remain in the domain of morphological imaging. To-date, the accuracy of
morphologic MRI for identifying root avulsion remains a topic of debate.
Therefore, the prevailing clinical practice involves either protracted observation

(for months) or surgical exploration of the brachial plexus.

Numerous studies have examined the accuracy of morphological MRI for the
detection of traumatic root avulsions in the brachial plexus. This review aims to
evaluate the diagnostic accuracy of morphological MRI for the identification of

root avulsion(s) in adults with traumatic brachial plexus injuries.

1.11.2 Materials and Methods

This systematic review and meta-analysis was conducted in accordance with our
protocol'’® (Appendix 1) and has been written in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses i Diagnostic Test
Accuracy (PRISMA-DTA) Statement!’’.

1.11.2.1 Participants and Studies

We included studies of adults with symptomatic brachial plexus injuries sustained
from non-penetrating trauma, that reported the findings of pre-operative
morphological MRI examination and surgical exploration of the roots of the
brachial plexus. We excluded case reports and studies concerning bilateral

injuriest’®179,
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1.11.2.2 Target Condition

The primary target condition is avulsion of the root(s) of the brachial plexus. The
secondary target condition is a pseudomeningocoele, which is purported to be a
surrogate marker of root avulsion. Our review is concerned with the ability of
morphological MRI to distinguish between normal roots (no avulsions) and any

frequency of root avulsion.

1.11.2.3 Index Test

The role of MRI is to detect root avulsion. This scan is typically performed within
weeks of the injury and before surgery. The interpretation of MRI for root avulsion
is binary with implicit threshold. Similarly, images are examined for the presence
of a pseudomeningocoele (sometimes erroneously termed meningocoele) which
is also a binary outcome with implicit threshold. The target conditions can be
observed at any spinal level, from C4 to T2 depending on the pattern of plexus
fixation. Several systematic differences are expected including the: scanner
brand and model, field strength, pulse sequences, software for post-processing,
display hardware and viewing environment; these differences will be investigated

if possible.

1.11.2.4 Prior Tests

Patients typically undergo extensive clinical assessment and imaging. Some
patients might be subject to electrodiagnostic studies (nerve conduction and
electromyography). All examination and medical test findings would typically be
made available to the radiologist interpreting the MRI scan.

1.11.2.5 Reference Standard

The reference standard is operative exploration of the supraclavicular brachial

plexus under general anaesthesia.

1.11.2.6 Search Strategy

Medline and Embase were searched from inception on 20th August 2018, with
no restrictions (Appendix 7). Citations were independently deduplicated by two

authors and independently screened.
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1.11.2.7 Study Selection

Two authors independently screened all citations. The full texts of potentially
eligible articles were obtained and independently assessed by the same two

authors!’é, Disagreements were resolved by discussion.

1.11.2.8 Data extraction

Two authors (RGW and JCRW) independently extracted data concerning
demographics (age and sex); mechanism of injury; timeframes between injury,
scanning and surgery; scanning protocols; surgical steps; and test statistics to
construct 2x2 tables of the number of true positives (TP), false positives (FP),
false negatives (FN) and true negatives (TN). The authors of two studies!8®181

provided missing data.

1.11.2.9 Methodological quality assessment

The risk of bias and applicability of included studies was assessed by two authors
(RGW and JCRW) using a tailored version of the Quality Assessment of
Diagnostic Accuracy Studies (QUADAS-2, Appendix 8)17¢182 and there were no

disagreements.

1.11.2.10 Statistical Analysis

We used RevMan to generate forest plots and summary receiver operating
characteristic (SROC) plots. Estimates of sensitivity and specificity are provided
on forest plots. Using Stata version 15 (StataCorp, Texas, USA), a bivariate meta-
analytical model was used to obtain summary sensitivities and specificities with
the nerve as the unit of analysis!®3185 A meta-analysis of patient-level data was
not performed owing to sparse and heterogeneous data. To determine the effect
of a covariate on the sensitivity and specificity of MRI we planned a bivariate
meta-regression, but this was not possible due to limited data. We did not assess
publication bias because the determinants are not well understood for diagnostic
accuracy reviews'® and t he Deeksd test has |

substantial heterogeneity'. Significance was set at 5%.

137

ow



1.11.3 Results

1.11.3.1 Study selection

A total of 1688 unique articles were identified (Figure 77). Eighty-six full texts
were retrieved of which 66 were excluded: narrative review (24), no reference
standard (17), case report (7), opinion piece (4), no pre-operative MRI (3), a
systematic review (1), a survey of brachial plexus imaging (1) or irrelevant (9).
Nine articles were later excluded'®”1% due to missing outcome datal87.1907 193,195
inability to disaggregate results®1%4 and a report of root avulsion within a series
of patients with other nerve injuries was treated as a case report!8, Ultimately,

11 articles (11 studies)’4180.181,1961 203 \yere included.

2428 records retrieved by searches

v

740 duplicates removed

\ 4

Identification

1688 titles and abstracts screened

'

86 full texts obtained and screened

66 articles primarily excluded
¢ Narrative review (24)
No reference standard (17)
Irrelevant (9)
Case report (7)
Opinion piece (4)
No pre-operative MRI (3)
A systematic review (1)
A survey (1)

v

Screening

9 articles excluded with reasons
¢ Missing outcome data (6)
¢ Unable to disaggregate results (2)
e A case report (1)

A J

11 articles included

Figure 77. PRISMA flowchart
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Recruitment

Participants Undergoing MRI and Surgical Exploration of the Roots of
the Brachial Plexus

Description of the Surgical Exploration of the Brachial

Study . Location Study Type Patients With  Overall
Timeframe Number of Mean Males: At Least One Frequency of Plexus
patients Age Females Root Roots
Avulsion (%) Avulsions (%)
Abul-Kasim 2000 to Consecutive series; . Clavicle splitting supra- and infraclavicular exploration by the
2010°¢ 2008 Sweden retrospective research 7 29 70 5(11) 15 (44) same surgeon
Chanlalit 1997 to . Consecutive series; . ) . .
2015197 2000 Thailand retrospecitive research 35 25.7 35:0 35 (100) 46 (66) Supraclavicular exploration by the senior author
Doi 1995 to Not Supraclavicular exploration with intraoperative spinal root
108 Japan Not described 35 255 . Not described Not described sensory evoked potentials, compared to a preoperatively
2002 1997 described ;
placed epidural electrode
Dubuisson 1992 to . . i ! Supraclavicular and infraclavicular exploration by the same
2002180 1995 Belgium Not described 7 21 41 3(43) Not described surgeon, with or without a posterior approach if needed
. . . Supraclavicular exploration of selected roots by two
Gaspz%{ottl 1993 to Italy Consecu_tlve Series, 13 26 18:2 Not described 25 (40) experience neurosurgeons with intraoperative recording of
1997 1994 temporality unknown -
sensory evoked potentials
Hayashi 1995 to . . . Supraclavicular exploration of extravertebral roots with
199819 1996 Japan Not described 25 22.8 25:2 Not described 40 (32) intraoperative recording of sensory evoked potentials
Hems 1997 to Consecutive series; . . . L .
199961 1999 UK temporality unknown 23 30 23:.0 11 (48) Not described Supraclavicular exploration; no further details
Nakamura 1993 to Consecutive series; . Exploration with intraoperative recording of sensory evoked
1997202 1996 Japan temporality unknown 10 22 91 10 (100) 17.(34) potentials
Qin 2007 to . . ) . Exploration with intraoperative recording of sensory evoked
201620 2012 China Not described 33 335 10:1 23 (70) 96 (93) potentials
. . L Supraclavicular exploration and assessment under loupe and
Wad?“ 2008 to Unlted Consecutlye Series, 47 29 47:0 17 (36) 56 (39) operating microscope magnification by the senior author,
2018 2016 Kingdom retrospective research . ; . ) h
alongside an intraoperative nerve stimulation.
Yang 2006 to Consecutive series: Exploration of the supraclavicular plexus with intraoperative
201420% 2010 China retrospective research 86 29 77:9 Not described 288 (88) sensory evoked potentials interpreted in relation to the index

test

Table 7. Characteristics of included studies
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Scanner Field Number of Frequency of
Study Brand and Strength Descriptions of Pulse Sequence(s) IV Contrast Reporting Criteria for root avulsion Indeterminate
Model (Tesla) Radiologists Tests (%)
Sagittal and axial T1lw images
Abul- Siemens Axial T2w images Potential features of root injury _
Kasim Magnetom 15 . . ) No 2 described but no thresholds or  Not described
2010196 Avanto Turbo flash gradient echo imaging criteria were clearly defined
Coronal STIR (n=7) or 3D CISS (n=3)
T1lw TSE images of TR 600-800ms, TE 12.8-20ms, 3mm slice thickness with gaps . .
Chanlalit _ of 0.5-1mm, with respiratory motion compensation Potential features of root injury _
197 GE Signa 15 ) ) . No 2 described but no thresholds or  Not described
2015 T2w TSI_E images (TR 4000-5000, TE 102) with a thlckne_ss of 3 mm, a gap of 0.5- criteria were clearly defined
1 mm with an ETL of 4 or 8, and fat and vessel suppression
Doi Siemens Axial and coronal-oblique T2w TSE, 5 slices of 2mm thickness with 1mm overlap,
108 Magnetom 1.0 TR 4000ms, TE 130ms, 6 averages, rectangular FOV 250mm, 120x256 matrix, no  No 8 Yes 1 patient (10%)
2002 Harmony fat suppression
Dubuisson . ) ) .
200215 Unknown Unknown Not described Not described Not described No 33 patients (83%)
Gasparotti . . .
1997201 Unknown 15 Not described Not described 2 Yes Not described
Axial and sagittal T1lw SE images of TR 756ms, TE 12ms, 4mm slice thickness
Hayashi Siemens Axial and sagittal T2w TSE images of TR 4700, TE 112, 240x512 matrix, 210x280
1998199 Magnetom 15 FOV, ETL 15 Gadolinium 2 No Not described
Vision Post contrast Tlw SE, TR 525-780ms, TE 12-14ms, 4-5mm slice thickness, 256-
240x512 matrix, 125x200-210 FOV with chemical fat suppression in 5/11 patients
Hems Potential features of root injury
181 GE 0.5 Sagittal, coronal and axial Tlw and T2w images No Not described described but no thresholds or  Not described
1999 criteria were clearly defined
Nakamura : Sagittal and axial 3D T2w TSE images (TR 2000ms, TE 200ms, slice thickness 2- . . .
199779 GE Signa 15 5 mm, FOV 24cm, 256x256 matrix; no slice gap) compiled into a MIP Not described Not described No Not described
. Tiw and T2w SE
Qin Siemens . ) R
Magnetom 3 3D PSIF of TR 9.26rr_15, TE 4.91ms, ma_trlx, 4‘_.48x448 mm, ﬂlp angle 180°, FQV Not described 2 No Not described
20162% Trio 280x280 mm; bandwidth 686 Hz/px; slice thickness 2 mm, in-plane resolution
1.1x1.5 mm; 2 acquisitions)
Wade Siemens Axial and sagittal Tlw and T2w TSE
174 Magnetom 15 Coronal CISS (0.7mm slice thickness, TR 11.5ms, TE 5.7ms, 320 matrix, flipangle = NO 1 Yes 9 (24%)
2018 Avanto 28°)
Siemens . . . . Potential features of root injury
Yan * -
9203 Magnetom 3 %ﬂzgngnlg\r’é’cgggr’uztzioﬁvs multi-echo and STIR imaging to compile MIPs and Not described 2 described but no thresholds or  Not described
2014 Trio P criteria were clearly defined

Table 8. Characteristics of the Index Test. CISS = constructive interference in steady state, ETL = echo train length, FOV = field

of view, MIP = maximum intensity projection, PSIR = phase sensitive inversion recovery, SE = spin-echo, STIR = short tau inversion

recovery, Tlw = T1-weighted, T2w = T2-weighted, TE = time to echo, TR = repetition time, TSE = turbo/fast spin echo
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1.11.3.2 Study characteristics

Study characteristics are presented in Table 7 and Table 8. Studies originated
from the UKl Sweden!®, China2%0203, Japan'®8199202  Belgium?!, I|taly?o!
and Thailand®®’. All studies were small with a median sample size of 23
(interquartile range [IQR] 9, 31; range 7 to 86) and conducted between 1992 and
2016. One study was reported as retrospective!’# whist the remainder did not
describe the design.

Overall, 275 adults with traumatic brachial plexus injuries were considered of
which, 83% were men (229/275). The mean age of participants was 27
years!’4180,196,197,1991203 and 84% were injured during a motorcycle collision
(145/173)174,197,199]‘ 202_

The unit of analysis and therefore the prevalence of root avulsion varied between
studies (Table 7 and Table 8). Five studies!’4196.197.200.202 reported the accuracy
of MRI for patients and nerves; two studies'®18! reported results only at the
patient level; three studies®?201.203 reported the accuracy with the nerve as the
exclusive unit of analysis; and the unit of analysis was unclear in one study!°® so
did not contribute to summary estimates. With the patient as the unit of
analysis!74180,181,196,197,200202 - 104 out of 144 patients (median 72%; IQR 53%,
86%) had at least one root avulsion. With the nerve as the unit of
analysis!/4.196,197,1991203 ' 583 out of 918 roots were avulsed (median 55%; IQR

38%, 71%).

The time from injury to MRI was reported in six studies!’#181,196,197,200,202 gnd
varied considerably, with a median delay of 36 days (IQR 26, 66; range 0 to 840
days). The time from injury to exploratory surgery was reported in four
studies!’4196.197.203 gnd also varied, with a median delay of 67 days (IQR 52, 74;

range 6 to 399 days).

1.11.3.3 Risk of bias and applicability concerns

The risk of bias and applicability assessment are summarized in Figure 78.
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Risk of Bias Applicability Concerns
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Figure 78. The risk of methodological bias and applicability

concerns for included studies

Six studies!80.197.198,2001202 ere at unclear risk of selection bias because the
sampling strategy was unclear or patients were inappropriately excluded.
Hayashi'®® was at high risk of selection bias due to the retrospective exclusion of
(an unknown number of) patients whose MRI images were suboptimal. Yang?®?
was also at high risk of selection bias as they inappropriately excluded individuals
with concomitant injuries. Eight studies!89.181,196,197,199,200,202,203 \yere at risk of bias
concerning the MRI; four studies!80.199.200.202 gt high risk because no definition or
threshold was described and four studies!8l196.197.203 were at unclear risk
because potential features of root avulsion were described but no criteria
provided. All eleven studies were at unclear risk of bias regarding the reference

standard because the surgeons performing the exploration had knowledge of the
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MRI findings; additionally, partial verification bias was present in five studies®®
201203 There was an unclear risk of bias in the flow and timing of four
studies!80.198,199.201 qwing to a lack of information about the time between injury

and MRI or surgery.

Five articles®0.197.198,201,203 wyere of unclear concern regarding the applicability of
patient selection due to non-consecutive recruitment. There were applicability
concerns for the MRI in nine studies!80.181,196,197,1991203. foyr studies!80.199,200.202
were of high concern because no MRI criteria or thresholds were described and
five studies!81:196.197.201,203 yyere of unclear concern because multiple radiologists
reported the images®®201203 the methods were not described!® 181202 the
description of the MRI protocol was different to the parameters shown in figures!®’
or the pulse sequences were not adequately described?180.181,196,2001203 - A| gleven
studies had unclear applicability concerns regarding the reference standard

because surgeons had knowledge of the MRI findings.

1.11.3.4 Svynthesis of results

Figure 79 shows the forest plots of the sensitivity and specificity of MRI for root
avulsion, according to the unit of analysis. There was no apparent influence of
field strength on diagnostic accuracy when the patient was the unit of analysis
(Figure 79). When the nerve was the unit of analysis, 3T systems appeared to
improve the sensitivity and reduce the specificity (Figure 79). Of note, all studies
performed at 3T reported the diagnostic accuracy with the nerve as the unit of

analysis, whilst studies at lower field strengths (0.5T and 1.5T) used patients.
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Figure 79. Forest plots of the sensitivity and specificity of MRI for root avulsion with a) patients as the unit of analysis and b)

nerves as the unit of analysis. FP = false positive; FN = false negative; TP = true positive; TN = true negative.

Using the nerve as the unit of analysis, the mean sensitivity of MRI for root avulsion was 93% (95% CI 77%, 98%) with a mean specificity of
72% (95% CIl 42%, 90%) as shown in Figure 80.
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