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“Learn from yesterday, live for today, hope for tomorrow. 
The important thing is not to stop questioning.” 

Albert Einstein  





 

i  

Table of Contents 

Abstract ............................................................................................ iii 

Enkel sammanfattning på svenska .................................................... v 

Original Papers ................................................................................. 7 

Abbreviations .................................................................................... 8 

Introduction/Background ................................................................. 9 

AIMS OF THIS THESIS: .................................................................. 14 

Materials and Methods .................................................................... 16 

Paper I: Effects of early nerve repair on experimental brachial plexus injury 

in neonatal rats .............................................................................................. 16 

Paper II: The diagnostic accuracy of 1.5T magnetic resonance imaging for 

detecting root avulsions in traumatic adult brachial plexus injuries ........... 18 

Paper III: Diffusion Tensor Imaging for Diagnosing Root Avulsions in 

Traumatic Adult Brachial Plexus Injuries: A Proof-of-Concept Study ......... 20 

Paper IV: Demographics and deprivation in obstetric brachial plexus palsy: 

a retrospective cohort study .......................................................................... 22 

Statistical Analysis .......................................................................... 23 

Paper I: Effects of early nerve repair on experimental brachial plexus injury 

in neonatal rats .............................................................................................. 23 

Paper II: The diagnostic accuracy of 1.5T magnetic resonance imaging for 

detecting root avulsions in traumatic adult brachial plexus injuries ........... 23 

Paper III: Diffusion Tensor Imaging for Diagnosing Root Avulsions in 

Traumatic Adult Brachial Plexus Injuries: A Proof-of-Concept Study ......... 24 

Paper IV: Demographics and deprivation in obstetric brachial plexus palsy: 

a retrospective cohort study .......................................................................... 24 

Results ............................................................................................ 25 

Paper I: Effects of early nerve repair on experimental brachial plexus injury 

in neonatal rats .............................................................................................. 25 



 

ii 

Paper II: The diagnostic accuracy of 1.5T magnetic resonance imaging for 

detecting root avulsions in traumatic adult brachial plexus injuries ........... 26 

Paper III: Diffusion Tensor Imaging for Diagnosing Root Avulsions in 

Traumatic Adult Brachial Plexus Injuries: A Proof-of-Concept Study ......... 27 

Paper IV: Demographics and deprivation in obstetric brachial plexus palsy: 

a retrospective cohort study .......................................................................... 27 

Discussion ....................................................................................... 29 

Conclusions and Future work ......................................................... 35 

Acknowledgements ......................................................................... 36 

References ...................................................................................... 38 

Papers I-IV…………………………………………………………………..  40 



 

iii 

Abstract 

Brachial plexus injuries (BPI) cause permanent upper limb paralysis and 
serious disability in adults and children. Timely identification of the 
severity of nerve injury and early appreciation of the inane potential for 
recovery would revolutionise management. Radiology supports clinical 
assessment but is not an independent marker of disease severity. 
Surgical evaluation in severe closed nerve injuries defines the 
reconstructive potential.  

This thesis explores aspects of BPI assessment and treatment that 
remain unsolved. Conventional magnetic resonance imaging (MRI) and 
novel diffusion tensor imaging (DTI) are evaluated in adults to gain a 
better understanding of their current diagnostic accuracy in BPI and 
future value in assessing nerve health. In neonates, this thesis evaluates 
the preganglionic effects related to timing of injury and repair and 
socioeconomic factors that influence the incidence and presentation of 
neonates to specialist centres. These currently controversial factors are 
important prerequisites to designing and evaluating the optimal 
objective imaging modality in this age group. 

Data from 29 high energy trauma BPI patients were analysed. The 
diagnostic accuracy of 1.5T MRI for BP root avulsion was 79% (Index test 
MRI, Reference standard Surgery). The negative predictive value was 
81% meaning there was one occult avulsion in every 5 cases. DTI data 
sets from 12 patients with unilateral BPI and seven matched adult 
controls were acquired. The test was considered positive for root 
avulsion when there was a visible lack of continuity between tracts in the 
spinal cord and the brachial plexus. The mean fractional anisotropy (FA) 
and mean diffusivity (MD) were calculated from a region of interest 
(ROI) - five 2.5mm2 pixels in the axial plane covering the lateral recess of 
the vertebral foramen. The overall diagnostic accuracy of DTI for 
determining root avulsion was 71 % (95 % Confidence Interval 54; 85). 
The fractional anisotropy (FA) of avulsed roots was 10% lower than 
normal roots (95%[CI 7 %, 13 %];p<0.001). The mean diffusivity (MD) of 
avulsed roots was 0.32x10-3mm2/s higher than normal intact roots (95 % 
Confidence Interval 0.11, 0.53;p<0.001). The T1 tracts were not clearly 
visualised in most BPI cases.  

The time course comparing survival of motoneurons in a neonatal rat 
BPI model, was evaluated at 2-28 days after injury and repair.  At day 10, 
the injury group survival of motoneurons was 22% and at 28 days only 
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9% of motoneurons remained. In the repair group the surviving neurons 
were 51% at 10 days and 20% at 28 days. At 28 days, the repair group 
had significantly reduced reactivity of macrophages and microglial cells 
in the C5/C6 ventral horn. 

In analysis (Index of Multiple Deprivation, IMD) of a 13 year, 
retrospective cohort series of 321 children with Obstetric Brachial Plexus 
injury (England), 109 (39%) were from the most deprived quintile. In 
Yorkshire and Humber 44% were from the most deprived quintile. No 
relationship was identified between severity of condition and IMD.  

These laboratory and clinical studies in adults, children and neonatal 
animals align with the real-time clinical conundrum in evaluating the 
injured nerve’s ability to recover to functional significance.  
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Enkel sammanfattning på svenska 

Skador på armflätan – den samling av nerver som styr muskulatur och 
känsel i arm och hand – kan orsaka bestående förlamning och uttalad 
funktionsnedsättning hos vuxna och barn. Tidig upptäck och värdering 
av skadans omfattning, samt ökad förståelse om dess inbyggda 
återhämtning kan förbättra handläggningen av dessa skador. 
Bilddiagnostik stödjer den kliniska bedömningen, men kan inte ensamt 
avgöra graden av skada. Kirurgi krävs idag för att kunna avgöra vilka 
patienter som behöver åtgärdas.  

I denna avhandling ingår fyra delstudier, där den bedömning och 
behandling som sker vid skador på armflätan har studerats, och olika 
undersökningsmetoder med magnetkamera (MRI) har utvärderats för 
att se om de är tillförlitliga i bedömningen av nervers hälsa hos vuxna. 
Vidare har vikten av tidig kirurgisk åtgärd undersökts hos nyfödda, samt 
de socioekonomiska faktorer som påverkar förekomst och klinisk bild 
studerats. Dessa faktorer är viktiga för att utforma och utvärdera 
optimala bilddiagnostiska verktyg i denna åldersgrupp.  

Förmågan att hitta patienter med utslitna nervrötter med magnetkamera 
visade sig vara 79%. Tekniken missade vart femte fall. 

Diffusionsviktad traktografi (DTI) – en variant av 
magnetkameraundersökning – visade sig kunna visualisera utslitna 
nervrötter, där en avsaknad av koppling sågs mellan ryggmärgen och 
armflätan. Denna undersökning uppvisade en 71 procentig träffsäkerhet 
för utslitna nervrötter. I patienter där man såg utslitna nervrötter med 
DTI så var mätvärden i armflätans nerver 10% lägre än i oskadade 
armflätor. Med traditionell magnetkameraundersökning var dessa rötter 
nästintill omöjliga att se i de flesta patienter. 

I en råttmodell studerades överlevnaden av motorneuron – de nervceller 
som styr muskler – efter en skada i armflätan. 10 dagar efter skadan så 
hade endast 22 procent av motorneuronen överlevt, och vid 28 dagar så 
få som 9 procent. Om skadan reparerats tidigt så överlevde 51 respektive 
20 procent vid 10 och 28 dagar. De djur med reparerade armflätor 
uppvisade ett lägre antal immunceller i ryggmärgen än hos de som inte 
reparerats. 

Av 321 barn som drabbats av en förlossningsrelaterad skada på 
armflätan tillhörde 39 procent den grupp som hade sämst 
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socioekonomiska förutsättningar. I området runt Yorkshire och Humber 
så var den siffran 44 procent. Graden av skada var dock inte kopplad till 
de socioekonomiska förutsättningarna. 

Sammanfattningsvis har dessa prekliniska och kliniska studier hos 
vuxna, barn, och i en djurmodell, visat på svårigheterna i bedömningen 
av skadade armflätors förmåga till återhämtning, men även på 
potentiella förbättringar som kan ske inom fältet. 
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Abbreviations 

• BPI-Brachial Plexus Injury 

• OBP-Obstetric Brachial Palsy 

• MRI- Magnetic Resonance Imaging 

• DTI- Diffusion Tensor Imaging 

• IQR- Inter Quartile Range 

• FA- Fractional Anisotropy 

• MD- Mean Diffusivity  
• ROI- Region of Interest 

• IMD- Index of Multiple Deprivation 

• CI- Confidence Interval 

• DRG- Dorsal Root Ganglion 



 

 

Introduction/Background 

Brachial plexus injuries can cause permanent upper limb paralysis and 
serious disability in both adults and children. Standards of care are 
variable and  optimal treatment strategies for best outcomes remain  
elusive.1 Although the injury patterns and regenerative potential differ 
there are many shared unsolved questions regardless of the age at injury 
including: the optimal timing of repair; the severity of the central 
retrograde injury and its influence on outcome; the influence of 
socioeconomics factors on incidence, prognosis and access to healthcare 
and what preoperative modality is best to identify, define  and classify 
the severity of nerve injury and regeneration potential objectively at the 
time of presentation and also during the recovery process. 

Adult traumatic brachial plexus injuries are more common in young men 
and are present in 1% of polytrauma cases. The most common aetiology 
is road traffic accidents, often motorcyclists with a direct vertical 
collision impact. Over 50% of these injuries result in complete brachial 
plexus injuries with limb paralysis, neuropathic pain and significant 
psychosocial sequele2-5. 

As this population is largely young men, there is a significant 
socioeconomic burden and some studies have quoted up to 84% 
disability, either partial or permanent in this group 6, 7 .Despite 
continuous improvements in diagnostic and microsurgical 
reconstructive techniques these patients often have severe neurological 
dysfunction and lifelong disability 5, 6.  

Neonatal brachial plexus injuries occur during birth, are associated with 
shoulder dystocia, and occur at an incidence of at least 0.42-1.5 per 1000 
live births8, 9. At least one third of these babies have lifelong deficits with 
varying degrees of neurological upper limb dysfunction impacting on day 
to day living1, 10. Clinical studies evaluating the selection of babies with 
Obstetric Brachial Plexus(OBP), that would benefit from nerve 
exploration and repair, have used rate of recovery and degree of 
movement as markers of recovery.  Tassin and Gilbert chose elbow and 
shoulder movement while Curtis and Clarke later developed the Active 
Movement Scale with combination scores of movements, range of 
motion with or without gravity11, 12. All of these studies recommend 
evaluation, at or after 3 months of age, to allow for natural recovery prior 
to this assessment. However, in severe cases including those with 
Horner’s syndrome, the expectation for recovery is less and earlier 
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referral and intervention has been advocated13-16. Objective imaging and 
electrophysiological evidence can support clinical findings but their role 
remains controversial17-19. Surgical exploration even at 3 months is 
challenging as scar and neuroma formation add to the complexity of 
defining the injury severity but the gold standard of assessment remains 
operative exploration. Decision making during surgery is routinely based 
on visual nerve assessment combined with intraoperative 
electrophysiology and, in some centres, frozen sections of the proximal 
and distal nerve stumps to confirm healthy fascicular structure to enable 
regeneration1, 20, 21. 

Prognosis in both adults and children is directly related to the severity 
and extent of the injury and also it’s anatomical location proximal 
(preganglionic) or distal (postganglionic) to the dorsal root ganglion 
(DRG)). Postganglionic injuries can be repaired surgically but the 
outcome depends on many factors including the timing of reconstructive 
surgery, age, other comorbidities, associated injuries and access to 
rehabilitation1, 18, 22-24.   

In adults, the presence of root avulsions is critical to define the extent of 
long-term outcome, as adults exhibit far less brain plasticity and nerve 
regeneration potential is significantly reduced with increasing age25-27. 
Studies reporting improved outcomes in adults with early exploration 
(before 2 months) of upper and middle trunk injuries are supported by 
basic science models 28-30. It is well recognised that proximal loss of 
sensory neurons in the Dorsal Root Ganglion (DRG) and motor neurons 
in the spinal cord occurs in animal models with proximal nerve injury 
over time following the injury29, 31, 32. A neuroprotective effect of early 
repair in experimental models of C7 injury was demonstrated in both 
sensory and motor neurons. Both early and late repairs prevented 
further retrograde motor neuron degeneration but neither influenced 
sensory neuron rescue. This evidence supports the argument for early 
repair in adult patients with postganglionic injury.  

More recently, avulsion injuries have become more frequent in adult BPI 
accounting for at least 50% of injuries 25-27 .Lumbosacral plexus avulsion 
models have shown 40-80% neuronal cell death at 2-4 weeks from injury 
in adults33-35. This along with the technical, surgical and anatomical 
difficulties in root reimplantation has encouraged the profile of distal 
motor and sensory nerve transfers in adults with BP root avulsion 
injuries36-42.Treatment options in these severe global brachial plexus 
avulsion injuries are limited so any way of improving the proximal nerve 
donor pool and thus potential for reconstruction and recovery is vital.  



 

 

Similar robust evidence defining the optimal the timing of repair in 
neonates is lacking.  This paucity of evidence along with better brain 
plasticity for potential recovery, mixed nature of the injuries and the 
potential higher risk with anaesthesia in this age group, supports a 
reluctance to move to early repair by most clinicians and surgeons. Even 
surgery at 3-6 months is considered with great debate among experts 1, 14, 

18, 21, 43-48. However, all the preceding evidence would suggest that earlier 
repair has better regenerative potential and should be investigated.  

As with adults there are significant socioeconomic and psychological 
consequences of OBP for both the child and their family. Negative effects 
on quality of life for both families and patients is well documented along 
with increasing use of healthcare, even in those patients that have early 
recovery10.  

There is also evidence supporting improved outcomes in infants with low 
Apgar scores Computerised Topography (CT) with organised obstetric 
emergency multidisciplinary training. These include neonates with 
shoulder dystocia many of whom have low Apgar scores at birth49-52. 
Findings in some countries has demonstrated a decrease in the rate of 
OBP related to an increase in Caesarean section deliveries53.  

Access to equitable healthcare is important particularly in conditions 
that have serious long-term implications such as OBP. This, combined 
with the finding that with training or alteration in delivery methods the 
incidence declines, emphasises the pressing need for reflection on the 
health and socioeconomics of OBP. Clearly, if the overall incidence and 
severity can be influenced by improved interventions at birth then this 
may affect the long-term sequalae for this patient population. Evaluation 
of the link between deprivation and OBP is an important initiating step 
in reviewing the incidence, severity and any possible   aetiological or 
influencing factors that can be affected by changes in healthcare 
provision. Historical factors associated with OBP including maternal 
diabetes, birth weight, multiparity may change over time and reflection 
on these elements allows better use of healthcare resource for these 
patients. Findings demonstrating changing patterns and severity of the 
injury in adults with BPI is apparent, so changes in the patterns of injury 
in neonates should also be explored.  

Nerve classification systems have been described by Seddon (1947) and 
Sunderland (1951). The Seddon classification is favoured by 
neurophysiologists as it is assessment of functionality. Neurapraxia, also 
known as a conduction block, but indicative of an area that has almost 
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complete certainty of recovery as the axons and supporting structures 
remain largely intact and there is no Wallerian degeneration. 
Axonotmesis describes axonal and myelin sheath injury, but the 
surrounding neuronal sheath is intact. Recovery potential is less 
predictable but as there is some anatomical continuity axonal regrowth 
is still likely. Neurotmesis is the most severe type of nerve injury with 
complete transection of all the components of a nerve and loss if the 
ability to self-repair without coaptation of the proximal and distal 
components. In brachial plexus injuries, which usually have significant 
traction or crush elements, assessment of the condition and the 
continuity of the nerves often relies on visual confirmation at surgery -
even then there is likely to be a combination of all three neurapraxia, 
axonotmesis and neurotmesis in any case54-56. 

The Sunderland classification is more comprehensive and based on 
histological assessment. It includes injury to the myelin sheath, 
ischaemia, axonal loss and disruption of the nerve sheaths and fascicular 
patterning of the nerve. A modification of this classification by 
McKinnon added a sixth degree recognising the occurrence of 
conduction block simultaneously with axonal loss and the loss of nerve 
sheath integrity54, 56.  

Timely identification of the severity of nerve injury and an early 
appreciation of the inane potential for recovery would revolutionise 
management of these injuries. Objective radiological methods and 
electrophysiology help to support clinical assessment, but they are not 
currently independent markers of disease severity. There is still a need 
for surgical evaluation in severe closed nerve injuries to define 
reconstructive potential. 

Assessment of associated injuries is important in BPI in both adults and 
neonates. In adults, CT trauma sequences at presentation will diagnose 
concurrent bony dislocations\ fractures, injuries of the subclavian or 
axillary vessels and chest wall injuries including pneumo and 
haemothoraces. All of these will influence recovery, and some have 
significance with regards to nerve injury severity such as scapulothoracic 
dissociation.  In children, associated bony injuries such as clavicle or 
humeral fractures are described and relationships between injury 
severity and concurrent bony injury have also been conjectured57.  

MRI is the current best modality of nerve injury assessment. It has 
surpassed CT myelography due to the safety concerns with intrathecal 
contrast and the relative simplicity in image acquisition 58. However, 



 

 

comparison of MRI with surgical evaluation (current gold standard) is 
needed to understand how well imaging supports the true diagnosis in 
BPI.  

Conventional MRI can provide information about anatomy and 
pathology which are useful in the diagnosis of BPI and the associated 
injuries such as haematoma, vessel or bony injury. Clarity on the number 
of brachial plexus roots injured and the severity of injury, including 
avulsion, preoperatively helps operative planning as well as 
reconstruction and patient counselling. However, historical evidence 
suggests that preoperative imaging is not always accurate and so scan 
results are interpreted with caution and the final evaluation of the injury 
severity relies on exploratory surgery59-62.  

Diffusion tensor imaging is a novel MRI technique interpreting the 
diffusivity and isotropy of water. In brachial plexus injury it may add to 
knowledge of anatomy, pathology but also nerve health and function. 
This would suggest it could add valuable knowledge to our interpretation 
of BPI before surgery allowing time for counselling, operative planning, 
and a personalised reconstructive surgical plan. It’s usefulness in 
assessing the continuity of the brachial plexus roots from the spinal cord 
through the spinal canal and foraminae would add immensely to our 
current objective assessments. Any further knowledge of nerve health 
and function about these mixed closed injuries combined with, and 
compared to, the information from neurophysiology and conventional 
MRI may allow a more accurate interpretation of the extent of the nerve 
injury both in severity of the mixed components as per Seddon and 
Sunderland classifications. It may also help to evaluate  the length of the 
injury along the nerve fibres, in particular after traction when visual 
delineation of injury severity is hampered by acute swelling and 
bruising- often a difficulty at the time of early exploration1, 18, 22, 23.  

This thesis explores some aspects of BPI assessment and treatment that 
remain unsolved or are controversial. In neonates an evaluation of 
timing of injury and repair regarding the proximal (preganglionic) 
effects and the socioeconomic factors that influence the incidence of 
these severe injuries and presentation of affected neonates to specialist 
centres were investigated. Conventional MRI and novel DTI are 
evaluated in adults to gain a better understanding of their current and 
future value and accuracy in diagnosis of BPI.   There is a deliberate mix 
of laboratory and clinical studies in adults and children as this will 
encourage further work in all areas in the future.   
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AIMS OF THIS THESIS:  

The overarching aim of this thesis is to add to the current knowledge and 
understand the relevance and extent of the nerve injury in brachial 
plexus trauma and to elucidate the factors that would define a nerve root 
with potential for functional regeneration after repair. These include the 
relevance of timing of repair, type of injury, proximal and distal effects of 
the injury to the peripheral and central nervous system and the 
possibility of objective information on nerve health gained using imaging 
techniques. We hypothesized that mapping axoplasmic flow using 
Diffusion Tensor Imaging will significantly improve the diagnostic 
accuracy or preoperative and postoperative imaging in peripheral nerve 
injury. This will allow early exploration of nerve injury both in neonates 
and in adults.  

The final aim is to better understand the associated socioeconomic 
aspects including the relationship with deprivation and geographic 
location in children with brachial plexus injury. Equitable access to 
multidisciplinary specialist healthcare is important in planning clinical 
assessment, imaging and surgical pathways. 

Specific Aims: 

Paper I: The traditional teaching in neonatal brachial plexus injury is to 
wait until the child is 3 months of age and then to clinically assess for 
return of activity in biceps brachii with or without using a scoring system 
to assess overall limb recovery11, 12.  Very early repair in adults has been 
shown to improve outcomes 28, 29.    

Our aim was to evaluate the effects of early nerve repair in an 
experimental brachial plexus model in neonatal rats.  

Paper II: Magnetic Resonance Imaging(MRI) has replaced 
Computerised Topography(CT) myelography as the imaging modality of 
choice in brachial plexus injury. Defining the severity of nerve injury in 
traumatic brachial plexus injury is imperative to understanding the 
potential for functional recovery and allows appropriate treatment 
algorithms and patient counselling. Knowledge of the accuracy of 
information gained by preoperative magnetic resonance imaging is thus 
essential to support decision making and treatment strategies. Currently 
operative exploration of the supraclavicular brachial plexus is the most 
reliable method of identifying root avulsion(s). This cohort study aims to 



 

 

describe the diagnostic accuracy of 1.5 TMRI for detecting root avulsion 
in brachial plexus injury.  

Paper III: The gap in both scientific knowledge and clinical practice is 
apparent in identifying and defining the opportunely timed nerve root 
with optimal potential for repair and reconstruction. This study aimed to 
develop a clinically convenient diffusion tensor imaging (DTI) protocol 
at 3 Tesla to both visualise normal roots and identify traumatic root 
avulsions of the brachial plexus.  

Paper IV: Translational relevance of experimental studies in brachial 
plexus injury is core in understanding the extent and meaning of the 
injury along with the possibility of useful adaptation to clinical care. This 
paper aims to evaluate the effects of demographics and socioeconomics 
including the association between neonatal brachial plexus injury and 
Index of Multiple Deprivation (IMD) along with maternal factors, birth 
history and disease severity. An understanding of these factors adds to 
the overall appreciation of the effect of socio-economics on the child and 
family and also visa versa. 
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Materials and Methods 

Paper I: Effects of early nerve repair on 

experimental brachial plexus injury in neonatal 

rats  

Experimental animals  

The experiments were performed on neonatal Sprague Dawley rats  
(Charles River Laboratories, Germany) of both sexes, 1 day old with 
weights between 6 and 8 grammes. The experimental procedures and 
animal care were carried out in accordance with Directive 2010/63/EU 
of the European parliament and of the Council on the protection of 
animals used for scientific purposes. The animal study protocols were 
approved by the Animal Review Board at the Court of Appeal of 
Northern Norrland in Umeå, Sweden (ethical permits DNR #A36-13. 
General anaesthesia was induced by subcutaneous Hyponorm (Janssen, 
300microgrammes /kg fentanyl citrate and 10mg/kg fluanisone). 

Injury model and retrograde labelling techniques 

A selective transection of the entire brachial plexus distal to the 
suprascapular nerve origin was performed using the operating 
microscope after brachial plexus exposure. Retrograde labelling with 
non-toxic Fast Blue tracer was used to study the motor neuronal 
survival.  A tablet technique for labelling was used due to the small and 
short size of the proximal nerve end63. The proximal and distal nerve 
stumps were isolated with parafilm and gelfoam (Spongostan, Johnson 
and Johnson, Medical). After 20 minutes of tracer contact the groups 
were divided into Injury and Repair groups. In the Injury group the 
proximal nerve stumps were covered with fibrin glue and separated from 
the distal nerve stumps using parafilm and gelfoam. In the repair group 
the nerve ends were opposed and co-apted with fibrin glue.  

A timeline analysis was performed at days 2, 4, 6, 10 and 28. 

Tissue processing  

After different survival times (see above), the animals were deeply 
anaesthetised with Sodium pentobarbital (240mg/kg) intraperitoneally. 



 

 

Transcardial perfusion was performed using Tyrode’s solution and 4% 
paraformaldehyde in 0.1M phosphate buffer (pH7.4) sequentially.  

Segments of the spinal cord C5, C6, C7 were dissected and fixed in the 
above solution for 3-4 hours. Cryoprotected (10%,20% sucrose) tissue 
blocks were then frozen using liquid isopentane.  Thirty micrometres 
thick serial transvers sections of the C7 spinal cord segment were cut 
using a cryomicrotome (Leica Instruments, Germany), thaw mounted in 
pairs onto Superfrost Plus slides, air dried, briefly immersed in Xylene 
and coverslips applied in distryrene, plasticizer and xylene (DPX)(Kebo 
Lab AB, Sweden). 

For immunohistochemistry, 16 micrometres thick serial transverse 
sections from C5/C6 spinal cord segments were cut on a microtome, 
thaw mounted in pairs onto SuperFrost Plus slides, dried overnight at 
room temperature and stored at minus85 degrees Celsius before 
processing.  The entire Biceps Brachii was dissected and harvested 
before perfusion and then weighed immediately with ratio expressed 
right/left muscle weights.  

Counting of Fast- Blue labelled Motoneurons and 
Immunohistochemistry: 

A Nikon Eclipse 80i fluorescence microscope was used to count the 
prelabelled motoneurons in 20 sections from C7 spinal cord segment at 
x250 magnification. As per previous work from our research group, the 
nuclear profiles were not corrected for split nuclei as there the diameter 
were small for the section thickness and there was uniformity of nuclear 
size32, 63, 64.  

After blocking with normal serum, the following primary antibodies were 
used: mouse antimicrotubular associated protein-2 for dendrites (MAP2; 
1:100, Chemicon), rabbit anti-synaptophysin for presynaptic boutons 
(SYN; 1:500, Dako), rabbit ant-glial fibrillary acidic protein for astroglial 
cells (GFAP;1:500;Dako) and monoclonal antibodies reacting with C3bi 
complement receptors macrophages and microglial cells (OX42; 1:250, 
Serotec). All the primary antibodies were applied for 2  hours at room 
temperature. After rinsing in phosphate-buffered saline, PBS, secondary 
goat anti-mouse and goat anti-rabbit antibodies Alexa Fluor® 488 and 
Alexa Fluor® 568 (1:300; Molecular Probes, Invitrogen) were applied 
for 1 hour at room temperature in the dark. Coverslips were applied to 
the slides with ProLong mounting media containing DAPI (Invitrogen). 
The staining specificity was tested by omission of primary antibodies. 



 

18 

Quantification of dendritic and synaptic degeneration and 
glial reaction 

Quantitative analysis of dendritic and synaptic degeneration and glial 
activation was determined in immunostained preparations of the ventral 
horns from the C5/C6 spinal cord segments. The images were captured 
at 400 final magnifications and 1280x1024 pixels resolution with a 
Nikon DS-U2 digital camera, imported into Image-Pro Plus software 
(Media Cybernetics, Inc., USA) and the relative tissue area occupied by  

Paper II: The diagnostic accuracy of 1.5T 

magnetic resonance imaging for detecting root 

avulsions in traumatic adult brachial plexus 

injuries  

Design 

A retrospective cohort study using the STARD guidance and Cochrane 
Handbook for Reviews of Diagnostic test Accuracy65-67. Paper and 
electronic operative logbook were used to identify participants with key 
words relevant to Brachial Plexus exploration during the study period 
January 2008 to July 2016.  

Outcomes  

The primary outcome was the diagnostic accuracy of MRI for detecting a 
root avulsion of the brachial plexus as compared with the reference 
standard of operative exploration. A secondary outcome was the 
accuracy of pseudo-meningocoeles seen on the MRI as a surrogate 
marker for root avulsion as compared with the reference standard of 
operative exploration.  

Tests and Reference Standard  

Prior tests included radiographs and contrast enhanced CT scans. Test 
findings were coded in binary: vascular injury was defined by any flow 
abnormality in the subclavian /axillary axis and hemicord injury 
(oedema/ haemorrhage) as asymmetry signal intensity at multiple cord 
levels on fluid weighted images.   



 

 

The Index test was MRI (Siemens Avanto 1.5T system. Siemens 
Healthcare, Erlangen, Germany) acquiring  sagittal T1-weighted (280 
mm FOV, 3 mm slice thickness, TR 6020, TE 102 and 384 matrix) and 
T2-weighted turbo-spin echo (280 mm FOV sequences, 3 mm slice 
thickness, TR 500, TE 9.7 and matrix 384), axial T2 turbo-spin echo 
(TSE; 220 mm FOV sequences, 3mm slice thickness, TR 4180, TE 104 
and matrix 320), coronal short-tau inversion recovery (STIR; 3 mm slice 
thickness, 5960 TR, 83 TE and 320 matrix) and constructive 
interference steady state (CISS; 0.7 mm slice thickness, 11.48 TR, 5.74 
TE and 320 matrix) sequences. All scans were reviewed by a single 
radiologist with access to the clinical examination findings and prior test 
results as is normal in routine practice but may add bias to the 
evaluation of the imaging as an independent assessment tool. All scans 
were undertaken preoperatively.  

The index test was positive if there was lack of continuity or absence of 
the nerve root between the spinal cord and the exit foramen, or if there 
was an abnormal contour of the nerve root with a horizontal orientation, 
suggesting avulsion.  

A pseudomeningocoele was defined by expansion of the space containing 
the nerve root and cerebrospinal fluid within the foramen associated 
with an abnormal dural contour – the site of the dural leak. Cystic 
collections, where the fluid extended in the paraspinal soft tissues, were 
also defined as pseudo meningocoele.  

The reference standard was operative exploration.  A binary outcome 
was used of avulsion or no avulsion. Avulsion was defined as an empty 
spinal foramen, a neural structure at the foramen that was easily pulled 
away was defined as a concealed avulsion in early explorations. In late 
explorations avulsion was defined as either absence of a nerve root at the 
foramen or a combination of displacement attenuation and relaxation of 
a scarred nerve root or dorsal root ganglion in relation to the foramen. 
These finding combined with an empty nerve sheath, no identifiable 
nerve fascicles and absence of electrically stimulated muscle activity 
were the characteristics of root avulsion.  The entire ipsilateral brachial 
plexus roots were explored.   
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Paper III: Diffusion Tensor Imaging for 

Diagnosing Root Avulsions in Traumatic Adult 

Brachial Plexus Injuries: A Proof-of-Concept 

Study 

Design 

A cross sectional design was used and reported in accordance with 
STARD guidance taking into account the domains of the QUADAS-2 and 
PRISMA-DTA68, 69. The U.K National Health Service Health Research 
Authority (16/yh/0162) approved the study and written informed 
consent was obtained from participants. 

Sequence development and subjects 

Diffusion Tensor Imaging data sets from seven prospectively recruited 
healthy adults (mean age 28 years; standard deviation, SD 9) were   
acquired. Subsequentially DTI data sets from 12 patients (age at time of 
injury 30, SD 9 and at the time of imaging age 35, SD 10) , with historic 
unilateral, reconstructed, brachial plexus avulsion injuries were 
acquired.  Standard MRI exclusion criteria were used along with 
claustrophobia, inability to lie still, bilateral BPI, and any other 
neurological disorder involving the BPI limb.  

Acquisition and Reconstruction of Images  

Diffusion Tensor Imaging data was acquired using 3 Tesla Siemens 
Magnetom Prisma (Siemens Healthcare Limited, Erlangen, Germany) 
and single- shot- echo -planar imaging (ssEPI) sequence. The acquisition 
parameters were as follows: Forty-five axial slices of 2.5mm3 isotropic 
resolution with a field-of-view 305x305x105 mm from the C3/4 to T2/3 
intervertebral discs. Twenty diffusion directions using twice refocused 
spin echoes were used, with ten averages of the b0, a b-value of 
1000 s/mm2, a TrueForm B1 shim and up to 2nd order B0 shimming was 
performed, with the shim and imaging volumes matched to improve B0 
homogeneity. An AP phase encoding direction was used with 4 
repetitions averaged inline. The repetition time was 4300ms, echo 
time 66ms, echo spacing 0.5ms, echo train length 445ms, GRAPPA factor 
2, receiver bandwidth 2276Hz, interleaved with motion correction on, 
distortion correction off and strong fat saturation. A 64-channel head 



 

 

and neck coil in combination with posterior spine coils were used. The 
acquisition time was 6 minutes 41 seconds. 

We sought to test tractography without pre-processing, using software 
on the operator console (Siemens NeuroLab 3D) by RGW (an Academic 
Plastic Surgery Registrar with 4 years of experience and formal training 
in diffusion tensor imaging of peripheral nerves). Seed points were 
manually placed to cover the cervical spinal cord in cross-section. Tracts 
were propagated using polylines and the following maximum thresholds: 
FA 0.06, 35o angle, 4 samples per voxel and 1.15mm step lengths. Tracts 
were viewed by a single musculoskeletal radiologist (JJR) with 20 years 
of experience in brachial plexus and spinal imaging. The test was 
considered positive for root avulsion when there was a visible lack of 
continuity between the tracts in the spinal cord and the brachial plexus 
or an absence of a tract attaching to the spinal cord. The diagnosis of 
root avulsion was binary with implicit threshold. The mean (and SD) 
fractional anisotropy (FA) and mean diffusivity (MD) were calculated 
from a region of interest (ROI), which consisted of five 2.5mm2 pixels in 
the axial plane covering the lateral recess of the vertebral foramen. 
Values for the cervical cord were derived from the corresponding cervical 
level. 

 

Reference standard 

The same reference standard of surgical exploration was used as in paper 
II.  A binary outcome was used of avulsion or no avulsion. Avulsion was 
defined as an empty spinal foramen, a neural structure at the foramen 
that was easily pulled away was defined as a concealed avulsion in early 
explorations. In late explorations avulsion was defined as either absence 
of a nerve root at the foramen or a combination of displacement 
attenuation and relaxation of a scarred nerve root or dorsal root ganglion 
in relation to the foramen. These finding combined with an empty nerve 
sheath, no identifiable nerve fascicles and absence of electrically 
stimulated muscle activity were the characteristic of root avulsion.  The 
entire ipsilateral brachial plexus roots were explored.  Other MR 
sequences were not used at the reference standard because these too 
may be inaccurate; the best possible method of determining the integrity 
and suitability of the root for reconstruction is direct visualisation by 
surgical exploration. 
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Paper IV: Demographics and deprivation in 

obstetric brachial plexus palsy: a retrospective 

cohort study 

Method and Design 

A retrospective cohort study of 321 consecutive cases of OBP presenting 
to a specialist centre between 2008 and 2021. Data were abstracted from 
a database of over 600 cases with datasets collected from the first 
presentation to the centre and information populated from electronic 
and paper hospital records. Institutional board approval was granted by 
Leeds Teaching Hospitals Trust Clinical Audit and Governance, 
registration code #8882. 

Demographic data included sex, age at referral, age at first visit, location 
of referral, method of referral, ethnicity, and postcode.  

Clinical data included birthing history, delivery methods gestational age, 
associated injuries (fractures, Horner’s syndrome), Admission to a 
Special Care Baby Unit Toronto score (a clinical measure of disease 
severity  used to aid surgical decision making)12, any surgical 
intervention and maternal health details.  

Deprivation data collection used The Index of Multiple Deprivation 
(IMD) which encompasses seven domains of deprivation: income; 
employment; education, skills, and training; health and disability; crime; 
barriers to housing and services and living environment. Data were 
gathered from patients living in England with a postcode. Quintiles were 
generated with 1 being most deprived and 5 least deprived.  

 

  



 

 

Statistical Analysis 

Paper I: Effects of early nerve repair on 

experimental brachial plexus injury in neonatal 

rats  

One-way analysis of variance (ANOVA) followed by a post hoc Newman-
Keuls Multiple Comparison Test was used to determine statistical 
differences between the experimental groups (Prism®, GraphPad 
Software, Inc; USA). All data is shown as mean ± S.E.M. 

Paper II: The diagnostic accuracy of 1.5T 

magnetic resonance imaging for detecting root 

avulsions in traumatic adult brachial plexus 

injuries  

The variables were skewed so were presented as median and 
interquartile ranges (IQRs) and compared with ranked based methods.  
Categorical variables were presented as frequencies and compared with 
Chi Square or Fisher’s Extact test as appropriate. Spearman’s Rho are 
reported to correlate scan with index and reference tests. Agreement 
between the pseudomeingoclele counts and avulsion on MRI and 
intraoperative avulsion are represented by Cohen ‘s kappa (k, whereby 
k=1 is perfect agreement and k=0 no agreement). Binary regression 
models were developed to generate Odds ratios for the association of 
other injuries and the presence of avulsion at operation. Models were 
internally validated using lossless nonparametric bootstrapping with 
1000 iterations as there were no valid datasets for external validation. 
Diagnostic accuracy was set at TP+TN/total, significance at p<0.05 and 
95% Confidence intervals were used. 
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Paper III: Diffusion Tensor Imaging for 

Diagnosing Root Avulsions in Traumatic Adult 

Brachial Plexus Injuries: A Proof-of-Concept 

Study 

Data were analysed using Stata v15 (StataCop LLC, Texas). Age was 
skewed so is represented by the median and interquartile range (IQR) 
and compared using the Wilcoxon rank-sum test. Other scaled variables 
are represented by the mean (and standard deviation, SD) and compared 
using independent samples t-test. The true positive (TP), false positive 
(FP), true negative (TN) and false negative (FN) vales are calculated 
based on the findings of the index and reference tests. Significance was 
set at 5%.  

Paper IV: Demographics and deprivation in 

obstetric brachial plexus palsy: a retrospective 

cohort study 

Descriptive summary statistics were presented for clinical and 
demographic factors. For analysis of OBP with neighbourhood level 
deprivation the IMD score was used.  

The observed and expected counts within each quintile were generated 
and the χ2 test was used to test for differences in these counts. To assess 
the relationship between condition severity (brachial plexus exploration 
as indicator of ‘severe’ group) and neighbourhood deprivation, and 
gestational diabetes and neighbourhood deprivation further χ2 tests were 
used. ANOVA was used to analyse relationship between IMD and time 
until the patient was referred and time until their first assessment at the 
centre. Data were analysed using Stata SE 17 70.  



 

 

Results 

Paper I: Effects of early nerve repair on 

experimental brachial plexus injury in neonatal 

rats  

The time course comparing the survival of motoneurons in the Injury, 
Repair and Control groups was evaluated at days 2, 4, 6, 10 and 28. At 
two days Fast Blue labelled neurons were in mean 504 (SD 18) in the 
Injury group and 467 (SD 68) in the repair group.  Four days 
postoperatively the number of labelled neurons reduced to 74% and 79% 
in the respective groups.  At six days the surviving neurons had dropped 
to 43% and 63%. At day 10 the Injury group survival of motoneurons was 
22% and at 28 days only 9% of motoneurons remained. In contrast in the 
repair group the surviving neurons were 51% at 10 days and 20% at 28 
days respectively (p<0.001). 

Although there was an increase in the survival of the motoneurons there 
was no effect on the recovery of the Biceps brachii muscle weight at 28 
days after surgery i.e., the Injury and Repair groups had similar muscle 
weights at 28 days. A significant reduction in weight was recorded in the 
Injury (73%) and the Repair group (68%), P< 0.001. 

Quantitative Analysis of the immunostaining for MAP2 and 
synaptophysin (SYN) in the C5/C6 spinal segments of control group 
animals revealed 37.8% (SD 1.6%) and 36.9% (SD 1.2%) of the ventral 
horn neuropil was occupied by dendrites and presynaptic boutons, 
respectively. After 28 days in the injury group the MAP2 and 
synaptophysin decreased to 84% and 78% respectively (P<0.05). In the 
Repair group no significant effect on dendritic degeneration (88%; 
p>0.05) and synaptic shedding (82%; P>0.05) was recorded.  

The area of the ventral horn occupied by GFAP-labelled astrocytes and 
OX42-labelled microglial cells was 3% (SD 0.3%) and 5.3% (SD 0.5%) 
respectively.  

At 28 days, the injury group had an increased area of GFAP 
immunostaining by 81% and OX42 immunostaining by 74%(P<0.001). 
The Repair group had no effect on astroglial cell reaction but 
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significantly reduced the reactivity of macrophages and microglial cells 
in the C5/C6 ventral horn (P<0.001). 

Paper II: The diagnostic accuracy of 1.5T 

magnetic resonance imaging for detecting root 

avulsions in traumatic adult brachial plexus 

injuries  

Data from 29 high energy trauma patients (47 identified participants but 
exclusions due to missing notes, no MRI scans, degraded images) were 
analysed. Twenty-two patients were in motorcycle collisions, two were 
pedestrians, two were pedal cyclists, one fall from height and one 
industrial traction accident.  Horner’s syndrome was associated with T1 
root avulsion with reference standard of operative exploration: 
sensitivity 67%, specificity 90% (p=0.004). 

Timing to scan and surgery comparing cases within our department and 
those referred from other centres were also analysed. There was no 
statistical difference in median time from injury to MRI scan (16 versus 
97 days p=0.104) or MRI scan to surgery (53 versus 157 days p=0.062) 
between these groups.  

The diagnostic accuracy of MRI for root avulsion of the brachial plexus 
roots was 79%. The negative predictive value was 81% meaning there 
was one occult avulsion in every 5 cases reported to have no avulsion. 
Nine cases demonstrated agreement between the MRI and surgery. With 
reference to using pseudomeningocoele as a surrogate marker of 
avulsion the overall diagnostic accuracy was 68%. Time from injury to 
scan did not affect the accuracy of identification of root avulsion. There 
was a suggestion that the association between pseudomeningocoele and 
root avulsion is weaker over time. There was no agreement between the 
presence of pseudomeningocoele and true root avulsion (p=0.09) 
suggesting that pseudomeningocoele is not a good radiological surrogate 
marker for root avulsion.    Other injuries were sustained in all cases. 
These included fractures of ribs (18), humerus (5), clavicle (6), spine 
(cervical -11, lumbar -3, thoracic-8), ipsilateral vascular injuries (6) and 
haemopneumothoraces (8). The only significant predicator of root 
avulsion was the suspicion of root avulsion (p=0.006). However with 
boot strapping the presence of clavicle fracture (OR 2.1 [95% C.I.1.7.38] 



 

 

p= 0.048) and ipsilateral vascular injury (OR 2.7 [95% CI.0.3,40] 
p=0.003) were also potential predictors.  

Paper III: Diffusion Tensor Imaging for 

Diagnosing Root Avulsions in Traumatic Adult 

Brachial Plexus Injuries: A Proof-of-Concept 

Study 

 The Diffusion tensor imaging tracts for C5-C8 were visualised 
consistently in this pilot study. The T1 tracts were not clearly visualised 
in most cases being visualised in 5 of 14 healthy controls and 7 of 10 
patients on the uninjured side. Four cases had Horner’s syndrome, and, 
in these cases, there was no T1 tract visualised in all 4 cases. However, in 
those cases without Horner’s syndrome there was a 3 % probability of an 
absent T1 tract. (NPV 97%;96%CI 85, 100). The overall diagnostic 
accuracy of DTI for determining root avulsion was 71% (95%CI 54, 85). 

The fractional anisotropy (FA) of the avulsed roots was 10%  lower than 
the  normal roots (95%[CI 7%,13%];P<0.001). The mean diffusivity 
(MD) of the avulsed roots was 0.32x10-3mm2/s higher than normal intact 
roots(95%CI 0.11,0.53;P<0.001). There was no significant difference in 
the MD or FA in the cervical cord at the level of the roots whether 
avulsed or not avulsed.  

Paper IV: Demographics and deprivation in 

obstetric brachial plexus palsy: a retrospective 

cohort study 

There were 321 patients seen over a 13-year period. Most of the babies 
presenting to our tertiary referral centre were white (73%) with only 20% 
being of Asian or Black ethnicity. There were more females (57%) than 
males (43%). Paediatrician were the most frequent referrers (54%) 
followed by physiotherapists (19%) and Orthopaedic surgeons (12%). 
56% of babies were seen within the first 3 months of life and had 
Toronto Test Scoring. 

The median gestational age was 40 (Inter Quartile Range(IQR) 39-41) 
and the mean birth weight was 4073g (SD 660.8). Shoulder Dystocia was 
a frequent occurrence 82%.  Associated fractures were documented in 
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15%. An admission to a special care baby unit was required in 31% of 
neonates.  

One hundred and thirty of the mothers (46%) were primigravidae. Forty-
eight (16%) of the mothers were affected by gestational diabetes.  

155 of 321 (52%) patients had surgery to improve their upper limb 
function. 98 of 321 patients (31%) had brachial plexus exploration. Of 
these, 80 (82%) underwent nerve reconstruction with nerve graft and or 
nerve transfers. Eighteen (18 %) had exploration with neurolysis. The 
median Toronto score of patients who had brachial plexus exploration 
was 3.1 (IQR 1.3 to 3.9).  

There was higher representation of patients with OBPP from the most 
deprived quintiles., 109 (39%) of patients from England were from the 
most deprived quintile (p<0.001). In Yorkshire and Humber (44%) of 
the patients were from the most deprived neighbourhoods within the 
region (p<0.001).  

There was a trend towards more mothers from the most deprived 
quintile having gestational diabetes but this was not significant. 

 No relationship was identified between severity of condition and IMD 
deprivation. Likewise, no relationship was identified between IMD 
deprivation and delay in referral or delay in the first assessment at the 
centre.  



 

 

Discussion 

Accurate assessment of the extent of nerve injury and the potential for 
recovery in adult and neonatal brachial plexus injury is still not possible. 
Along with this a full understanding of the significance of neuronal cell 
loss and the absolute number and types of afferent and efferent neurons 
needed for dynamic normal upper limb motion and function is not 
evidenced. The importance of brachial plexus models for both adult and 
neonates is critical to allow us better understanding of the biological and 
pathological processes long with insights into the timing of repair and its 
influences on outcomes. Although there are similarities between the 
neonatal and adult brachial plexus and injuries to these anatomical sites 
there are also considerable differences in the physiology and pathological 
response to injury and repair.  

Retrograde cell death  

The nervous system in neonates is more sensitive to injury than adults. 
This study demonstrates that postganglionic brachial plexus injury 
results in a drastic loss of motor neurons in the spinal cord – 90% at 28 
days. The injury and retrograde reaction also led to an activation of the 
proinflammatory astroglial and microglial cells with loss of dendritic 
branches and synaptic boutons. Early repair of the brachial plexus 
reduces the rate of neuronal degeneration and the inflammatory 
microglial reaction. Evidence supports the loss of motoneurons 
retrogradely with both proximal and distal nerve injuries in neonates71-73.  
In contrast distal nerve injury in adults does not invoke such a profound 
early motor cell loss but loss of dendrites and synaptic boutons does 
occur. Proximal nerve injury or brachial plexus injury in adults is 
associated with delayed retrograde motor neuron loss of up to 30%29, 32, 

64, 73, 74. Further studies have illustrated a greater neuronal loss following 
an injury at 3-7 days postnatally versus an injury sustained 30 days 
postnatally in a sciatic nerve model75.  

Sensory neuronal survival is poorer than motor with both adult and 
neonates demonstrating cell loss after peripheral nerve injury29, 32, 74, 76, 77. 
Smaller diameter cutaneous neurons expressing Tropomysin receptor 
kinase A and C (trkA, trkC) along with glial cell-derived neurotropic 
factor (GDNF) are predominantly affected74, 77, 78.  

The role of neurotrophic factors in regeneration with increased 
expression early after injury has been recorded with experimental 
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studies assessing their impact in experimental nerve grafting79, 80.  
However, evidence to support a longterm benefit, even after infusion of 
neurotrophic factors, on motor neuronal survival is lacking.   

As the study timeline was to 28 days a translational recovery in target 
muscle weight was not seen. The author suggests this may be due to 
short timeline to allow for muscle reinnervation and recovery, but 
further studies may improve the level of evidence. 

The neonatal brachial plexus model used in this study is not one of 
traction, rupture, or avulsion as this would be extremely challenging to 
reproduce in this experimental cohort reliably and repeatedly.  However, 
the author suggests that this model of complete transectional 
postganglionic brachial plexus injury is useful, and the results and 
outcomes are applicable to the true injury yielding insight into the 
severity of the proximal component of the nerve injury.  

Magnetic Resonance Imaging  

Early, accurate evaluation and comprehensive knowledge of the extent of 
nerve injury would allow prediction of long-term functional outcome and 
enable better decision making and selection for reconstructive surgery. 
MRI is the best preoperative imaging modality currently available for 
brachial plexus evaluation and surpasses ultrasound, electrophysiology, 
and intraoperative somatosensory evoked potentials81-85. Comparison 
with intraoperative findings is critical to interpretation of findings and 
useful translational application to clinical practice.  

Intraoperative findings were selected as a reference standard as brachial 
plexus exploration and injury evaluation has been the primary first aim 
of surgery over many decades and macroscopic and surgical microscopic 
anatomical evaluation of the extent of injury is possible. However, 
intraoperative brachial plexus evaluations do not usually include 
laminectomy and direct inspection of spinal rootlets as this is rarely 
clinically indicated and confers the risk of morbidity. Crucially, in this 
test analysis, the specificity is more important than sensitivity, as the 
presence of an intact brachial plexus root has the potential to provide the 
opportunity for animated limb reconstruction.  

Several previous studies have also used operative assessment as the 
reference standard with diagnostic accuracy ranging between 58% and 
88%60, 61, 86-91. Our study had an overall accuracy of 79%. In a systematic 
review assessing the diagnostic accuracy of MRI in detecting root 



 

 

avulsion, with nerve root as the unit of analysis, the mean sensitivity was 
88% while the specificity was 72%, suggesting almost a third of nerve 
roots described as avulsed on MRI were intact59. Rupture of the dura 
mater allowing leakage of cerebrospinal fluid, called 
pseudomeningocoele, occurs secondary to trauma. Association between 
pseudomeningocoele and root avulsion has been described with varying 
incidence. In this study 8% of intact roots had a pseudomeningocoele 
supporting other papers citing up to 15% of intact roots88, 92-95.  In 
contrast no pseudomeningocoele was seen on 23% of cases of ruptured 
roots. This study had some further limitations including a small sample 
size and the retrospective nature of the data collection. Furthermore, the 
lack of visualisation of the intra-foraminal component of the nerve root 
conveys doubt on the accuracy of the reference test of surgery. Also of 
relevance is the incidence of a partial root injury, where either only volar 
or dorsal spinal rootlets are injured as these are challenging to diagnosed 
at surgery. Time delay to operative exploration incurs greater difficulties 
in dissection and the potential for false positive results. Intradural 
proximal rupture or an undisplaced intradural avulsion may yield a root 
with normal appearance in the posterior triangle.  

That MRI offers modest diagnostic accuracy for traumatic brachial 
plexus root avulsion was the outcome from both this cohort series and 
the systematic review.  

Role of Diffusion Tensor Imaging in root avulsion diagnosis  

Preoperative objective evidence of injury severity and innate ability of 
the nerve root to recover would revolutionise nerve injury assessment 
and enhance available reconstructive options along with enabling 
informed consent and discussion with the patient. Diffusion tensor 
imaging adds additional information about root integrity to enhance 
conventional MRI   imaging and diffusion metrics that yield information 
on nerve health. This pilot work concurs with other studies 
demonstrating the ability of deterministic tractography from DTI to 
differentiate between a normal root and a root avulsion using 3T single-
shot echo-planar imaging (ssEPI)62, 96, 97.There is some variability 
between our results and those of other published work in healthy 
individual tractography which may be due to differences in b-values, 
number of diffusion directions or other experimental conditions such as 
partial volume effects or methods of averaging. On balance our works 
help to define the potential benefits of DTI in brachial plexus evaluation.  
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With regard to tractography in root avulsion, this study used inline 
processing as compared with the work of  Gasparotti et al where off line 
processing was used to correct artefacts and distortions from eddy-
currents and motion98. As this is early pilot work the need for further 
evaluation of image acquisition, pre-processing and how these metrics 
relate to nerve microstructure as well as physiological and pathological 
nerve function is needed. 

Accuracy of diagnosis is of paramount importance in defining the nerve 
injury in particular specificity. In this pilot work the cases reviewed and 
imaged had historical injury meaning, that knowledge of the injury 
severity and surgical findings were known to us. This may have 
influenced the overall accuracy; thus, blinded work is needed to ensure 
valid and unbiased result assessment.  Gasparotti et al used a reference 
standard of diffusion imaging MRI rather than surgical findings and 
produced specificity of 99% and sensitivity of 85%62, 96-98. We do not 
know how this is compares with our reference standard of exploratory 
surgery.  

Data acquisition for the T1 root was challenging in our study and in other 
published work. This may be due to artefactual and partial volume 
effects related to the adjacency of the 1st rib, the apex of the lung, the 
subclavian vessels. Motion from respiration may cause mis-mapping and 
cannot be corrected by inline or offline corrections. However, Gasparotti 
et al visualised the T1 root in all but 3 cases using 1.5T scanner and pre-
processing62, 96-98. Further information regarding the geometry and 
anatomical pathway of the brachial plexus rootlets from our group has 
added to proposed customised step angles for each root based on 
evidence that most step angles were smaller than 20 degrees and <1% of 
step angles were greater than 70 degrees. Thus, using a threshold of 70 
degrees would allow reconstruction of up to 99% of tracts99.  

This study imaged patients postoperatively but in brachial plexus injury 
pathways, early real-time preoperative scanning, within a few days or 
weeks of injury, is required to be of useful translational clinical value. 
Furthermore, data relating to the DTI parameters relating to longterm 
nerve injury is not available. We are of the opinion that following nerve 
root avulsion, diffusion would regress to that of scar, but we lack 
laboratory evidence to support our opinion.  

With regard to the actual clinical use of Diffusion techniques in acute 
brachial plexus injury published data is lacking. Our group is currently 
undertaking a prospective study looking at the utility of DTI imaging 



 

 

preoperatively in consecutive adults with a reference standard of early 
exploratory surgery. 

In understanding the true extent of the nerve injury and reflecting on 
early laboratory work evaluating the proximal effects of nerve injury with 
profound motor neurons loss, the ideal imaging protocol would evaluate 
all neural elements from spinal cord to the target organ29, 32, 56, 74. Due to 
the time required for image acquisition for diffusion techniques it would 
seem prudent to combine information from DTI with other established 
imaging protocols along with integrating newer modalities overtime. 

Evaluation of diffusion tensor imaging metrics in relation to the normal 
and abnormal brachial plexus is essential to understand the 
relationships between nerve anatomy, physiology, pathology and 
diffusion data acquired. We have imaged and analysed 10 healthy adult 
brachial plexi demonstrating the difference between normal DTI metrics 
within the brachial plexus when compared with published DTI metrics 
for the white matter of the brain100.  

The interobserver variability was 0.1% with 99% interobserver 
agreement for tractography (p<0.001)100. 

The FA values are lower than that of the brain which typically has 
tractography thresholds of greater than 0.10. However other studies 
have shown these values are too high for the brachial plexus due to 
differences in the microstructure96. The brachial plexus root has between 
6750 to 10000 axons per mm2 compared with 10,000-20,000 axons per 
mm2 in the spinal cord and 38,000 axons per mm 2 in the corpus 
callosum supporting the theory that FA values would differ in these areas 
due to these anatomical structural differences.   Thresholding of FA does 
affect the directionality and density of tracts as well as influencing the 
tract-based estimates of diffusivity and anisotropy101, 102. So, every 
attempt should be made to ensure precision in data analysis and 
thresholding allowing for differences in anatomical location 100, 103. 

As BPI are rare acquiring large datasets of normal and BPI injury nerves 
is challenging. Further work evaluating DTI in other peripheral nerves is 
also important as additional information about nerve health would add 
significantly to other neurological diagnoses 104, 105. This current work 
suggests that there is a role for DTI in nerve assessment but whether it 
will add to or surpass the current Imaging and electrophysiological tools 
is not clear. 
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Socioeconomic influences and demographics in OBP  

An understanding of the socioeconomics and their influence on patients 
with nerve injury is imperative to effecting change long-term and 
equitable access for disease prevention, diagnosis and treatment is 
critical.  

The associations between shoulder dystocia (82%), assisted delivery 
(57%) and OBP was confirmed in our study in concordance with previous 
articles from varying healthcare groups18, 106, 107. An over representation 
of cases from IMD quintiles 1 and 2 attended for specialist care 
suggesting an increased incidence in this socio-economic cohort not 
related to expected factors such as maternal diabetes. 46 % of mothers 
were primigravidae inferring that there is a shift in maternal risk 
pattern.  These findings support exploring access to healthcare 
specifically, obstetric care in these groups.   

The influences of parental beliefs and behaviours on clinic attendance 
rates along with the effects of costs related to days off work and travel 
have been reported. This is relevant in this cohort as families must travel 
to a specialist clinic. During Covid -19 hybrid healthcare has developed 
rapidly and recent reports have demonstrated a care pathway using both 
face to face and remote audio-visual clinics is possible108.  

Our study demonstrated that neither delay in first referral or first clinic 
attendance nor the severity of disease were linked with lower quintiles in 
the IMD (index of multiple deprivation).  

However, we cannot deduce from this that higher representation of OBP 
in quintiles 1 and 2 is not linked to more severe injury as we do not have 
the true national incidence of disease. Further studies exploring the 
current incidence of OBP and yielding a better understanding of the 
relationship between the IMD and incidence of OBP is planned in our 
group. 

Fifty two % of patients had surgery to improve their limb function 
supporting the proposal that there is increased socioeconomic burden 
for the patients, families and healthcare services. 



 

 

Conclusions and Future work  

Proximal neuronal cell death in neonatal brachial plexus injury is severe 
and even with early repair the cell loss is still dramatic. However, 
preservation of up to double the number of motor neurons in the 
anterior horn of the spinal cord along with a decrease in the 
inflammatory reaction would imply that a repair as soon as is holistically 
safe for the neonate has the best chance of upper limb recovery of 
function. MRI remains the modality of choice for preoperative 
assessment and as image acquisition and processing improve, so will the 
accuracy of this diagnostic tool. However currently, surgical assessment 
remains the gold standard of nerve injury assessment in BPI. DTI is 
evolving and this pilot work suggests that it has a significant role in 
elucidating the health metrics of injured and regenerating nerves in BPI. 
The importance of understanding the dynamics and influence of 
socioeconomics in OBP incidence and treatment cannot be overstated. 
Overall, this thesis has helped to inform on important aspects of BPI in 
adults and neonates, but it has also produced further questions that need 
further investigations.  

Future work improving image acquisition and processing in the brachial 
plexus, in particular the T1 nerve root, will be invaluable.  This combined 
with MRI and DTI real-time assessments of patients with acute injuries 
will help to inform the role of DTI in acute nerve injury pathway where 
objective information about nerve health is most needed.  

Better understanding of the lives and healthcare provision for those with 
OBP and their families is critical to enabling an improvement in care. 
Future work analysing the current incidence of OBP and the 
relationships with IMD will inform both Obstetric and OBP pathways 
hopefully providing valuable information to improve both service 
streams, decreasing the incidence and providing a better pathway for 
those with OBP. 
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