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PROTOCOL 

BACKGROUND 
Relevance  
This application is in response to the Neuromusculoskeletal Injuries Research Award (W81XWH-15-JPC-
8/CRMRP-NMSIRA) and addresses the following focus areas: i) lack of validated metrics that effectively 
predict function following neuromusculoskeletal injury and ii) limited number of validated metrics that 
effectively quantify changes that result from rehabilitation or provision of novel technologies. Specifically, this 
study seeks to develop a novel MRI-based strategy to monitor nerve recovery after injury and surgical repair in 
order to intervene in situations where nerves are not recovering appropriately. This project is unique in that is 
proposes a synergistic collaboration between i) a peripheral neurosurgeon/scientist with expertise in nerve 
repair and ii) engineers/scientists with expertise in developing and translating advanced MRI approaches for 
peripheral nerve applications. 

Significance  
It is estimated that up to 5% of all admissions to level one trauma centers have a peripheral nerve injury 1. These 
peripheral nerve injuries may have devastating impacts on quality of life and require months or years to regain 
function. Neurotmesis, or peripheral nerve transection, is a common injury, with singly cut nerve lacerations 
accounting for over 60% of the peripheral nerve surgical interventions in civilian studies 2, 3. For recovery to 
occur in these patients, axons must grow from the site of repair to the target tissues, a length of up to a meter in 
humans. By that time, revisional surgery may not be a viable option due to the onset of irreversible muscle 
atrophy — a transected nerve is estimated to induce a loss of achievable function of approximately 1% for every 
6 days of delay 4. The scenario is even worse for more proximal nerve injuries, such as those that occur in the 
brachial plexus.  

Although nerve transfers can reduce the length of axonal growth required5, failures still occur and 
revisions are rarely an option due to the aforementioned delays in detection. Current neurodiagnostics [e.g., 
electromyography (EMG), nerve conduction studies (NCS)] are of limited utility in severely damaged nerves, 
providing an incomplete picture of nerve microstructural features until target reinnervation occurs2, 3, 6. Thus, 
physicians are limited to a “wait and watch” approach based on qualitative measures obtained from patient 
history and/or physical exam. This leads to a suboptimal management of peripheral nerve injuries, which in turn 
can lead to increased instances of irreversible muscle atrophy, paralysis, and/or formation of painful traumatic 
neuromas7. 

In terms of the military, extremity injuries accounted for 54% of combat wounds in Operation Iraqi 
Freedom and Operation Enduring Freedom 8, 9 and recent review of service member injuries during Operation 
Enduring Freedom noted significant increases in brachial plexus, ulnar, and radial nerve injuries attributable to 
modern warfare 2, 10-12.  In addition, symptomatic neuroma occurs in 13% to 32% of amputees, causing pain and 
limiting or preventing the use of prosthetic devices2, 3, 6. Take the example of a wounded warrior with a shrapnel 
injury to his/her elbow, resulting in the loss of an ulnar nerve segment. Even if nerve grafting is performed, true 
recovery (motor and/or sensory innervation of the hand) could take up to a year under typical circumstances. If 
the repair fails, which occurs in up to 40% of patients2, 3, 6, the failure is typically not truly recognized until that 
year expires using current management protocols. By that time, revisional surgery is typically not a viable 
option due to the aforementioned onset of irreversible muscle atrophy.  

In additional to an inability to effectively monitor nerve recovery after repair, diagnosis of peripheral 
nerve injuries is difficult using the currently available methods. For example, neurotmesis is a common, but 
difficult to distinguish, diagnosis following traumatic or iatrogenic extremity injury 13. Current electrodiagnostic 
and clinical examinations are invasive, time consuming, and painful. In addition, they cannot perfectly 
discriminate a severe axonotmetic laceration from a self-resolving neurapraxic injury in the acute setting. This 
is particularly important in penetrating injuries, or after iatrogenic nerve injuries resulting from nerve blocks, or 
from intraoperative positioning or external compression, because the degree of axonal injury is unknown.  

Electrodiagnostics in Peripheral Nerve Injury 



NCS are the current gold standard for defining the severity and distribution of nerve injury in cases of trauma 14-

17. Immediately after a total nerve transection injury, no motor or sensory response will occur across the injured 
segment, nor will there be any voluntary motor unit potentials (MUPs) from muscles innervated by that nerve. 
Diminished nerve excitability will be exhibited in 1 to 3 days, along with a gradual reduction in the compound 
muscle action potential (CMAP) and compound nerve action potential (CNAP) amplitudes in nerves stimulated 
distally to the region of injury. About 4 to 5 days after injury, absence of CMAP amplitude exists in the motor 
NCS as well as further reduction in CNAP amplitudes in the sensory NCS. After 6 to 10 days, there is no CNAP 
response. Positive sharp wave (PSW) muscle potentials are seen at 8 days after nerve injury and fibrillation 
potentials at 14 days. This indicates that using EMG and NCS, the complete extent and severity of injury 
can be assessed adequately only in the third week from injury. In nerves that are severely injured but not 
severed, proportional reduction in CMAP and CNAP amplitudes occurs, and needle EMG reveals voluntary 
MUP in muscles innervated by the injured nerve. In some cases of severe but incomplete nerve injury, initially 
there are no obtainable voluntary MUPs on needle EMG, usually because of severe nerve injury producing a 
conduction block. In these cases, a repeat study in 6 to 8 weeks can demonstrate a few small amplitude 
polyphasic MUPs indicative of reinnervation. This means that multiple invasive studies over a 2-month 
course may be required to determine whether surgical exploration is warranted. Taken together, 
NCS/EMG offer valuable information, but the studies are invasive, painful, and yield limited information 
regarding the true nature of the extent of the injury and potential for recovery.  

DTI in Peripheral Nerve Injury 
Based upon these limitations, there is a significant clinical need in both military and civilian populations need 
for improved quantitative strategies to assess (and predict) nerve regeneration following surgical repair and in 
some cases to determine if surgical repair is even indicated. To address this clinical shortcoming, we propose to 
monitor nerve regeneration following surgery via a magnetic resonance imaging (MRI)-based approach known 
as diffusion tensor imaging (DTI). Magnetic resonance DTI is an imaging sequence that leverages the 
anisotropic diffusion of water molecules through axons to visualize neural tracts and assess nervous system 
pathology 18. It was chosen for the proposed studies because i) DTI yields quantitative metrics that report in 
axonal integrity and demyelination 19 and ii) previous work has shown that these metrics are sensitive to 
peripheral nerve degeneration and regeneration and that that high resolution DTI is capable of detecting sciatic 
nerve crush injuries 20-24.  Therefore, we hypothesize that acute high resolution DTI measurements of peripheral 
nerve will be correlated with the degree of axonal injury. In this proposal, we aim to longitudinally assess 
DTI in a series of animal and human studies in order to optimize, validate, and translate the ability of 
DTI to monitor and, more importantly, predict nerve regrowth following trauma and surgical repair. If 
successful, these DTI strategies could help determine outcomes, predict failures much earlier than 
current techniques, and even guide re-operation. They also may have potential for expansion to more 
proximal, and often devastating, injuries of the brachial plexus. 

Peripheral nerve injury is one of the few acute neurologic disorders in which imaging is not standard-of-
care. High-resolution ultrasound has shown the ability to accurately identify transected nerves 25, 26; however, 
traumatic injuries have proven difficult for diagnosis using ultrasonography due to large hematomas, extensive 
skin lacerations, edema, and disruption of the normal anatomy 25. Furthermore, no studies have shown the 
ability of high-resolution ultrasonography to detect early nerve regeneration, which ultimately would indicate 
whether additional surgical intervention is required 27. MR neurography (MRN) 28 describes a group of MRI 
methods for visualizing peripheral nerves. In the most severe cases of nerve injury involving gaps, MRN is 
capable of detecting nerve discontinuity; however, over half of all high-grade nerve transections have no gap or 
minimal gap present 29. Following structural damage, nerves also exhibit a marked increase in T2, appearing 
bright in standard clinical T2-weighted images (normal peripheral nerve appears nearly isointense with respect 
to surrounding tissue). Explanations for this change include myelin loss, distortion of axoplasmatic flow, axonal 
loss, and inflammation20, 30-32. Although these signal alterations have been found to be sensitive to the presence 
of neuropathy, they are inherently qualitative and lack specificity (e.g., they cannot discriminate between 
myelin and axonal pathologies). In the central nervous system (CNS), quantitative MRI techniques that assay 
various aspects of myelin and axon pathologies have been developed to alleviate these problems. Of these 



quantitative techniques, DTI has been particularly useful in detecting axonal pathologies (e.g., in traumatic 
brain injury and spinal cord injury 33, 34). 

DTI probes microstructural tissue feature (e.g., axon density) by measuring the effect of tissue barriers 
on the random diffusion of water molecules 19. In the absence of boundaries, diffusion is isotropic (i.e., the 
mean-squared displacement of water molecules is the same in all directions). In tissue, water diffusion is 
hindered by interactions with various tissue structures (e.g., cellular membranes), resulting in a decreased 
apparent diffusivity. In peripheral nerve, the ordered arrangement of nerve fibers results in an apparent 
diffusivity that is lower perpendicular to axons than parallel to them 19, of diffusion anisotropy. In DTI, water 
diffusion is measured along multiple directions to quantify this diffusion anisotropy. This information can then 
be used to estimate various DTI parameters, including the mean diffusivity (MD, mean value across all 
directions), axial diffusivity (AD, diffusivity across axons), radial diffusivity (RD, diffusivity along axons), and 
fractional anisotropy (FA = 0-1, higher values indicate higher anisotropy). In addition, the primary direction of 
the fiber bundles along the nerve can be determined from DTI measurements; and fiber tracts can be 
reconstructed from this information using various fiber tracking methodologies 35. 
 DTI has been investigated as a tool for monitoring nerve degeneration and/or regeneration in animal 
models for over twenty years20-23. From these studies, it has been established that DTI metrics longitudinally 
track with electrodiagnostic measures of nerve regeneration as well as functional assessment of recovery. In 
addition, RD (and FA) values have been shown to correlate with histological measures of axon density during 
regeneration, while AD values have been shown to correlate with histological measures of demyelination 22. 
Thus, DTI is a validated technique for probing nerve regeneration in animal models. Unfortunately, limited data 
exist on high-grade nerve lacerations and there are is only one acute animal studies of DTI following 
microsurgical repair (see our Preliminary Findings 24). The studies proposed herein are designed to build upon 
these previous validation studies and aim to evaluate the ability of DTI to detect nerve repair failure following 
surgical repair. Once validated, these DTI strategies could potentially predict failures much earlier than current 
techniques and guide re-operation when possible. 

Translation of DTI techniques into human peripheral nerve has lagged developments in animals due, in 
part, to the technical demands of performing nerve DTI in humans (e.g., the need for high resolution data in 
clinically feasible scan times). Over the past decade, however, a number of technical developments (i.e., multi-
element receive coils, higher field strength clinical systems) have led a number of groups to investigate the 
feasibility of performing DTI in human peripheral nerves in vivo. From these studies, the feasibility of 
performing DTI of the median nerve 36, 37, ulnar nerve 38, tibial and peroneal nerves 39, and brachial plexus 40 has 
been demonstrated. With feasibility demonstrated, more recent DTI studies of human peripheral nerve have 
focused on optimization 41-45 and applications in various neuropathies. Together, these results suggest that DTI 
metrics can be robustly measured in the distal nerves of the forearm and wrist and are quite sensitive to a 
number of pathologies (CIDP, GBS, carpel tunnel, trauma) 46-51. In fact, recent work has shown DTI is sensitive 
enough to detect preclinical lesions 52 as well as subtle differences between healthy individuals 53. Additionally, 
a recent study 53 found that, similar to previous animal studies 22, AD reflects axon integrity and while RD (and 
FA) reflect myelin sheath integrity in healthy individuals. This suggests that one may be able to individually 
probe demyelinating and axonal features of various neuropathies with DTI. Despite this large number of 
peripheral nerve DTI studies in humans, only two case studies50, 51 have sought to use DTI to monitor nerve 
regeneration following trauma/surgical repair. These two studies suggest that fiber tracking can detect nerve 
regeneration as early as 1-2 months in humans (consistent with our preliminary data); however, additional 
longitudinal data is needed to evaluate the ability of DTI to track and monitor nerve recovery following surgical 
repair. Therefore, the studies proposed herein aim to longitudinally assess DTI in patients after surgical repair 
for the first time. DTI measurements will then be compared to currently used electrodiagnostic measurements to 
determine if DTI can predict failures earlier than current techniques. 

Preliminary Findings 
We have explored the use of DTI as a modality to assess nerve injury of varied severity, in both ex-vivo and in 
vivo animal models. We also have preliminary data using DTI to assess nerve injury in humans. 

 



Animal Model Injury Validation 
Various degrees of high-grade peripheral nerve injury were evaluated using complete and partial transections of 
rat sciatic nerves. The severity of nerve injury was predicted at time of surgery with careful microsurgical nerve 
dissection and verified with histology. During evaluation of the proximal nerve sections, we observed that 
injured nerves had greater axon caliber than sham nerves (Fig. 1a-b). Completely transected nerves were found 
to have significantly larger mean axon caliber compared to sham nerves (p<0.01; Fig. 1c). As observed in 
diffuse axonal injury in brain white matter, cytotoxic edema occurs rapidly after damage to the axolemmal 
membrane causing axonal swelling 54. We observed that mean axon caliber also scaled with the predicted 
severity of nerve injury (Fig. 1d), with moderate correlation of predicted percentage of injured axons and mean 
axon caliber (r2=0.60, p=0.002). There was wide variability in axon caliber in nerves predicted to be 75% 
transected, which we suspect to be due to surgical error. Removing partially transected nerves from the analysis 
improved the correlation of predicted injury severity and mean axon caliber (r2=0.82, p=0.0001). 
 

 
 
DTI of Completely Transected Nerves 
DTI of excised sciatic nerves were evaluated at three regions-of-interest (ROI) – injury site, 3-mm proximal and 
3-mm distal. To prevent partial volume effects, a margin of 100-μm was excluded from the ROI. This also 

prevented the inclusion of suture material in ROI calculations, since knots are limited to the outermost 
epineurium. FA, MD and eigenvalues were measured for each ROI (Fig. 2). As expected, the FA was 
significantly decreased at the injury sites of transected compared to sham rats (p<0.01). Although not as strong 
as at the injury site, the proximal ROI of transected nerves also had lower FA compared to sham rats (p<0.01). 
While the drop in FA at the injury site indicates axonal loss, the proximal ROI changes are most likely due to 
edema following nerve injury causing an increase in extracellular fluid compartment as well as an increase in 
axonal edema, which would be expected to decrease FA while simultaneously increasing MD and eigenvalues. 
Although MD was significantly lower at the injury site (p<0.01) and unchanged in the proximal and distal 
ROIs, the minor eigenvectors showed an increasing trend at all ROIs in transected nerves compared to sham rats 
(bottom-left panel). Additionally, radial diffusivity, calculated as RD = (λ2 + λ3)/2, was significantly increased 
in the injury site (p<0.05) and proximal ROI (p<0.05) of transected nerves compared to sham rats. We 
observed larger variance in distal ROI quantitative measurements, which may be due to variation in fascicular 
branching at this level in the sciatic nerve. Receiver-operator characteristic (ROC) curves were evaluated for 
injury-site DTI measurements (bottom-right panel). Injury-site FA produces a near-perfect ROC curve (AUC = 
1.000, p<0.001), but a larger sample size would be required to prevent type II error.  

FIG 1. Validation of injury severity by 
correlation of estimated injury with 
average axon size in the proximal nerve 
segment (N=11). Axonal swelling in the 
proximal segments of transected axons 
increases the mean axon caliber. Mean 
axon caliber is linearly correlated to the 
predicted percentage of transected axons. 
**p<0.01 



 
Continuous fiber tractography was performed with a maximum 45° angle and threshold FA of 0.49, 
corresponding to one standard deviation above the mean FA of all injury sites. Continuous tracts were observed 
throughout the body of each sham nerve (Fig. 3a), while there were multiple discontinuities present in 
transected nerves (Fig. 3b), particularly at the injury site. Fewer tracts were visible in the proximal segments of 
injured nerves, most likely due to reduced FA from tissue edema. Additionally, the number of continuous tracts 
seeded proximally and passing through the injury site and distal ROI were significantly lower in transected 
nerves compared to sham rats (p<0.01), (Fig. 3c).  

 
 
DTI of Partially Transected Nerves 
For determining the degree to which partial severance of the sciatic nerve could be distinguished with DTI, we 
imaged partially transected nerves that were graded at the time of surgery as 25%, 50% or 75% nerve severance 
and validated histologically as described above. DTI parameters were evaluated at the injury ROI for each 
injured nerve and at the center of each sham nerve (Fig 4a,b). Mean FA was significantly reduced in all injured 
nerves compared to sham nerves. Mean FA of sham nerves was strongly correlated with the nerve axon count.  
Minor eigenvalues (λ2, λ3) and RD were profoundly increased at all injury sites immediately following injury. 
This substantial difference could be the result of immediate membrane and myelin disruption present in 
severance but not contusive nerve injuries.  There was a negative correlation between λ2 and radial diffusivity 
(calculated as (λ2 + λ3)/2,) to proximal axon caliber (Fig. 4 c). Since proximal axon caliber correlates with axonal 
swelling following nerve injury, then this indicates that λ2 and radial diffusivity are inversely proportional to 
the degree of nerve severance following injury. However, it is likely that there are multiple microstructural 
factors contributing to these changes.  
 

FIG 2. Quantitative analysis 
of DTI parameters at one 
hour post-repair in sham and 
complete sciatic nerve 
transection injuries from a 
single imaging session. 
*p<0.05, **p<0.01 

A B C FIG 3. Diffusion tensor 
tractography in sham (a) 
and completely transected 
(b) sciatic nerves. Blue 
lines indicate seed points 
for tractography located at 
3-mm proximal and distal 
to the injury sites. 
Continuous tract counts 
were significantly lower in 
transected nerves (c). 



 

 

DTI of hind limbs 
As proof-of-concept, ex vivo imaging was performed on amputated rat hind limbs with sham or complete 
transection injuries. Tractography was performed with multiple seed points spaced 1 mm apart along the axial 
length of the sciatic nerve. We found that seeding from a single axial slice as was done in all excised nerves 
resulted in short tracts, even at low FA thresholds. By seeding from multiple axial slices along the nerve, we 
were able to capture the length of the nerve while continuing to observe discontinuities at all injury sites (Fig. 5 
a-f). Quantitative DTI measurements were calculated at multiple ROIs – injury site, proximal (1-mm, 3-mm and 
5-mm) and distal (1-mm, 3-mm and 5-mm). The additional proximal and distal ROIs were included in this 
analysis to compare effects of surrounding tissue inflammation and edema. Similar to excised nerves, FA was 
significantly reduced at the injury site of transected nerves (p<0.01) and to a lesser extent in the proximal and 
distal ROIs (Fig. 5g). We hypothesized that external tissue effects should be similar within the entire surgical 
site, while sciatic nerve injury effects should diminish with increasing distance from the injury site. This was 
confirmed by our measurements of FA at multiple distances from each injury site (Fig. 5h), in which the FA 
appears to reach an asymptote at 3-mm, but remains significantly lower than sham animals (p<0.05). 
 
Use of DTI in Animal Models to Assess Nerve Repair Outcomes 
Our lab monitors electrophysiology such as compound action potentials (CAPs) (Fig 6), histology (Fig 7), and 
behavioral analysis (Fig 8) to routinely to assess post nerve repair recovery in our rat sciatic model 55-57. The 
examples in figure 6 (manuscript in preparation) and 55 (Fig 7,8)  focus on our animal studies that have shown 
that application of a Polyethylene Glycol Hydrogel (PEG) based plasmalemmal sealant to severed peripheral 
axons can reform the two ends of the cut axons (Fig 6-8) 55-59. This treatment restores cellular homeostasis and 
the ability of the sealed axons to conduct electrical signal allowing for early recovery of physiological 
conduction of sensory and motor impulses and avoiding some of the negative aspects of degeneration and 
denervation.58 We note that the early electrophysiologic demonstrations of preserved axonal continuity translate 
to long term histologic and functional benefits that continue through and beyond 6 wk post-operatively (Fig6-8) 
55, 57, 58.  
 
 

Fig 4.  DTI fiber tracking of (a) completely transected and (b) partially transected rat sciatic nerve, 
demonstrating the sensitivity of the method to controlled degrees of severance injury. (c) Diffusion 
eigenvalues [AD = λ1 = along axon,  λ2/3 = across axon, RD = λ⊥ = (λ2 + λ3)/2] versus proximal axon 
caliber, which reflects the amount of nerve injury, demonstrating that DTI parameters are inversely 
proportional to the degree of nerve severance following injury.  
 
 



 
 
 
 
 

 
 
 

 FIG 6. PEG fusion with our device. (a) Representative 
CAPs recorded pre-injury (gray traces) and post-repair 
(dark traces) from a control, PEG-fused, and PEG-fused 
[device] nerve. (b) CAPs (mV, mean ± SE) recorded pre-
injury and post-repair for 3 groups: Cut + Suture (n=24), 
Cut + Suture + PEG (n=24), Cut + Suture + PEG [Device] 
(n=24). PEG treatment groups demonstrated statistically 
significant (p<0.001: ***) physiological recovery 
compared to the “Cut + Suture” group. 

FIG 5. Ex-vivo DTI tractography of rat hind limbs with sham (top panel, top row) and completely 
transected (top panel, bottom row) sciatic nerves. FA measured at each proximal, injury, and distal ROI is 
also shown in the two bottom panels. 



 
 

 
 
We have employed DTI in the rat sciatic nerve to monitor nerve regrowth following novel PEG fusions (Fig. 9) 
(manuscript in preparation). The data shown in figure 9 correlate with electrophysiology, histologic, and 
behavioral assessments of peripheral nerve recovery implying DTI may be an effective non-invasive 
technique to monitor nerve repair after repair. Moreover, we have used PEG fusion in larger animal models 
such as the porcine model (Fig 10-manuscript in preparation) and DTI demonstrates similar radiographic 
information regarding axonal continuity. 
 

 
 

B A C 
FIG. 7. Plastic embedded toluidine stained sections demonstrating (a) normal nerve, (b) PEG treated 

allograft for segmental nerve injury, (c) control (no-PEG allograft) distal nerves. For (b) and (c), 

samples were acquired 6 weeks after repair. Note preserves architecture and lack of scar in the PEG 

treated nerve allografts. 

FIG 8. Nerve allograft experiments. SFI (mean ± SE) 
assessed at 3 days to 6 weeks post-operatively). Red: 
negative control. Green: PEG 33350-fused. Significance 
indicated by *p<0.05.  
 

FIG 9.  DTI detects variations in axonal 
continuity. (Left) Fiber tracts (shown top-down in 
blue for six samples) stop at the severance site 
(red arrow). (Right) Extended tracts are detected 
following rat sciatic nerve injury, repair, and 
subsequent PEG fusion. 
 

FIG 10. DTI of fixed porcine sciatic nerves 
harvested immediately following repair. Left panel: 
Control (left), suture repair (middle), and PEG 
(right). Green arrows indicate zone of repair. Right 
panel: FA at the site of injury displayed significant 
increases between cut repair and PEG groups.  



Use of DTI to Assess Human Nerve Repair Outcomes 
We have IRB approval for DTI based noninvasive assessment of nerve recovery after upper extremity surgical 
repair. In preliminary studies, DTI demonstrated total loss of axonal continuity (Fig. 11) and decreased FA 
distal to the injury site (Fig. 12) of the ulnar nerve after injury with neurotmesis and subsequent surgical repair 
one week post-op. Moreover, axonal continuity and FA are maintained in the adjacent non-injured median 
nerve. Serial assessments are planned to determine axonal outgrowth over time.  This non-invasive approach is 
available for our clinic patients where we currently use DTI to detect changes in axonal continuity in the upper 
extremity of nerve injury (Figs. 11,12). 
 

 

 
 

 
 

 
 

 

FIG 11.  Demonstration of in vivo human DTI fiber tracking (fibers in blue) in (left) a control and (right) 
a patient one week after ulnar nerve injury and repair. Note the decreased mean fiber length in the injured 
nerve. Legend: MN = median nerve, UN = ulnar nerve. 
 

FIG 12.  Demonstration of in vivo 
T2-weightedd anatomical scans 
and FA maps in a patient one 
week after ulnar nerve injury and 
repair. Distal to the injury, 
decreased FA values were 
observed in the ulnar nerve (red 
circles) relative to the median 
nerve (white circles). Similar FA 
values were observed in both 
nerves proximal to the injury. 
 



 
 
Summary of preliminary data 
 Our team has preliminary studies of controlled degrees of severance injury and microsurgical repair found that 
fiber tracking and DTI indices (e.g., diffusion coefficients along/across axons, or eigenvalues; fractional 
anisotropy, or FA; mean apparent diffusion coefficient, or ADC) are sensitive to nerve degeneration and injury 
severity (Fig. 2,3,5) 24. We have IRB approval for and have shown early success with DTI based assessment 
after nerve injury and repair in patients with upper extremity nerve injury. We have begun to translate this 
approach to the clinic where we use DTI to detect changes in axonal continuity in the upper extremity of nerve 
injury patients (Fig. 11,12). Together, these results demonstrate that i) DTI can be readily performed in the 
peripheral nerves of animal models and patients with nerve injuries and ii) DTI is sensitive to nerve 
degeneration/regrowth and injury severity. 

Previous Experience 
This project proposes a unique collaboration between a peripheral neurosurgeon/scientist (Dr. Wesley Thayer) 
with expertise in nerve repair and engineers/scientists (Dr. Richard Dortch and Dr. Mark Does) with expertise in 
developing and translating advanced MRI approaches for peripheral nerve applications. Our laboratories have 
already collaborated to develop in vivo MRI based nerve imaging protocols in both animal models 24 and 
humans.  For the human studies, we share an approved IRB covering post nerve repair MRI of human patients. 
Data transfer between labs occurs via routine meetings and a shared server. The qualifications and contributions 
of each of these team members as it pertains to the proposed studies are detailed below. 

Wes Thayer (Principal Investigator) 
Wesley P. Thayer, MD/PhD is an Assistant Professor of Plastic, Orthopedic Surgery, and Biomedical 
Engineering. His role in this project is to provide clinical expertise and applicability.  He is the primary hand 
surgeon for the Plastic Surgery Service at Vanderbilt, Chief of Plastic Surgery at the Nashville Veterans 
Hospital, and maintains a funded basic science laboratory devoted to nerve repair. He has eight peer-reviewed 
publications focusing on nerve repair using animal models of peripheral nerve injury (see biosketch). 

The Vanderbilt Medical Group performed over 372 pure sensory nerve repairs in 2010 and an additional 
50 repairs involving mixed nerve loss in the upper extremity. Dr Thayer would have direct access to at least ½ 
of these repairs.  Given this, for the each cohort, sensory, motor, mixed, we anticipate a study recruitment 
duration less than 24 months to allow 12 month follow up.  Patient recruitment will continue until 24 are 
included and follow up will be for minimum 12 months.   For the control cohort requiring we anticipate total 
study duration less than 24 months and follow-up for at least 12 months. Patient recruitment will continue until 
24 are included (approximately 24 months) and follow up will be for 12 months.  Assuming a 40% failure rate, 
this would give us 14 responders and 10 non-responders. Given that we expect to be able to recruit 10-20 
patients/year for each group: (sensory, motor, mixed), we expect to reach this target within the 1st 2 yr-year 
period of this award, allowing for a 6-12 month follow up for all patients. Given our # of patients seen- all 
patients should be recruited within the first 2 years of the study. 

Richard Dortch (Collaborator) 
Dr. Richard Dortch, PhD is an Assistant Professor of Radiology and Radiological Sciences, Biomedical 
Engineering, Vanderbilt University. His role in this project is to provide technical expertise for the human DTI 
studies. He is currently funded to develop, translate, and validate quantitative MRI measures of peripheral nerve 
pathology and function in humans. As part of this funding, his lab has developed DTI protocols for the nerves 
of the wrist, which will serve as the basis for the proposed human imaging studies. He has published multiple 
peer-reviewed articles directly related to the development of quantitative MRI techniques for applications in the 
human neuromuscular system; and has extensive experience in developing and translating quantitative MRI 
techniques into clinical populations (see biosketch). 

Mark Does (Collaborator) 
Dr. Mark Does, PhD is a Professor of Biomedical, Electrical, and Radiology and Radiologic Sciences at 
Vanderbilt University. His role in this project is to provide technical expertise for the animal/tissue DTI studies. 
His lab focuses on the characterization of neural tissue and skeletal muscle with MRI using relaxation, 



magnetization transfer, and diffusion as well as compartmental modeling of water proton relaxation and 
diffusion. He has published over 15 peer-reviewed articles focusing on MRI-based neural imaging (see 
biosketch). More specifically, he has significant experience and expertise in performing diffusion studies in 
animal models and serves as the director of Vanderbilt University’s Center for Small Animal Imaging.  

OBJECTIVE/SPECIFIC AIMS/HYPOTHESIS 
The overall objective of these studies is to evaluate the ability of DTI to monitor and, more importantly, predict 
nerve regrowth following crush or cut with surgical repair. Animal studies will be performed with DTI results 
compared to measures of axonal recovery from electrophysiology and histology; and validated protocols 
derived from these animal studies will be translated into humans. We hypothesize that the additional 
information available via DTI will improve our ability to monitor and predict nerve regrowth following surgical 
repair or severe crush injury, guiding clinical management either toward or away from surgical intervention. 
 
To accomplish this objective, we have set forth the following aims: 

1. Determine if DTI fiber tracking can predict recovery of peripheral nerve function after crush or 
cut/repair peripheral nerve injury with repair in a rat sciatic nerve model. Graded injuries to either 
sensory, motor, or mixed nerves will be separately evaluated. Nerve conduits and grafts will be 
compared to standard repair.  

2. Determine if our DTI fiber tracking protocol can predict recovery of peripheral nerve function in human 
case studies (crush or cut with repair). Pure sensory, motor, and mixed nerve injuries will be evaluated. 

RESEARCH STRATEGY 
Aim 1: Task 1: Determine if DTI fiber tracking can predict recovery of peripheral nerve function after 
crush or cut/repair peripheral nerve injury with repair in a rat sciatic nerve model sensory, motor, or 
mixed nerves will be separately evaluated. Task 2: Graded mixed nerve injury recovery will also be 
evaluated. Task 3: Finally, nerve conduits and grafts will be compared to standard repair. 
Task 1: The rat sciatic nerve injury model has shown promise in our previously published crush injury DTI 
studies as well as our preliminary studies of controlled degrees of severance injury and microsurgical repair. 
sensory, motor, or mixed nerves will be separately evaluated. This model will be utilized in this aim because it 
allows for a direct comparison of DTI (FA, ADC, diffusion eigenvalues) and tractography (mean fiber length) 
metrics to gold-standard histological measures of pathology as well as electrophysiological and behavioral 
testing, making it an ideal test-bed to optimize and validate our proposed methods. In this model, we will 
evaluate a sensory, motor, and mixed nerve injury with crush or cut/repair of the rat sural (sensory), 
fibular/peroneal (mostly motor) distal to the takeoff of the lateral sural cutaneous, and proximal sciatic (mixed) 
models, respectively. In each animal group, electrophysiological, histological (toluidine blue), 
immunohistochemical (motor and sensory specific staining with choactase versus acetylcholine esterase), and 
behavioral assessment of function with SFI analysis will be performed on day 7, 14, 28, and 3 mo. We will 
compare predicted outcomes from early time points to actual outcomes to validate ex vivo DTI fiber tracking. 
An in vivo MRI will be correlated with an ex vivo nerve MRI in a subset of animals to ensure that ex vivo results 
are representative of in vivo results. MRI studies will be performed on our 4.7 T 31-cm horizontal bore Agilent 
DirectDrive scanner (Agilent Technologies, Santa Clara, CA) using a 38-mm Litz quadrature coil (Doty 
Scientific, Columbia, SC) for RF transmission and reception. This instrumentation is housed in our institute’s 
Center for Small Animal Imaging. High-resolution DTI data will be acquired using a 3D diffusion-weighted 
spin-echo sequence. Diffusion-weighted data will be acquired in 6 directions (b = 2000 s/mm2) along with a 
non-diffusion-weighted reference scan; and DTI/fiber tractography parameters will be estimated from these data 
using standard methods. 

Sprague-Dawley rats will be anesthetized and have their left sciatic nerve exposed, after recording 
compound action potentials (CAPs), the nerve will then be bluntly dissected free.  Baseline CAPs will be 
obtained prior to nerve transection using a Powerlab Acquisition System (ADI; Colorado Springs, CO).  One 
dual terminal nickel electrode will be attached to the proximal and distal end of the nerve prior to its injury 



using micromanipulators.  One set of terminals will stimulate the sciatic nerve axons and the other terminal will 
record compound action potentials (CAPs). EMG’s pre- and post-injury to the gastrocnemius muscle will also 
be performed. For the crush group, a hemostat will be applied to the nerve for 10 seconds. For the cut/repair 
group, an iris scissor will be used to completely transect the sciatic nerve at one point.  Microsurgical repair will 
be performed with 9-0 nylon. Care will be taken to use epineural vasculature as a landmark to maintain 
fascicular alignment. Control animals will undergo nerve exposure, but no actual crush or cut injury, in order to 
ensure that the effects noted are due to actual axonal disruption, not inflammation or edema.   

For Task 2, Graded mixed nerve injury recovery will also be evaluated. For partial transections, a 3-D 
printed nerve cutting guide will allow graded transections of 25%, 50%,and 75%. Controls of 0% and 100% 
mixed nerve crush or cut injury will be from Task 1. Sacrifice will be on day 7, 14, 28, and 3 months. 
Histologic, MRI, and behavioral testing will occur as in described for Task 1.  

For Task 3, nerve conduits and grafts will be compared to standard repair. In the Nerve graft group, a 1 
cm section of nerve will be cut from the rat sciatic nerve, reversed, and a microsurgically repaired with 9-0 
nylon. A separate group will have a commercially available biologic conduit repair of a 1-cm nerve gap 
performed microsurgically. Sacrifice will be on day 7, 14, 28, and 3 mo. Histologic, MRI, and behavioral 
testing will occur as in Task 1. 

Outcomes of our nerve repairs will be evaluated based on 1) the extent of Wallerian degeneration using 
histology, 2) the function of individual nerve fibers using both electrophysiologic assessment (CAPs and EMG) 
and 3) functionality of the nerve using behavioral testing. We plan to sacrifice rats at 7, 14, 28, and 28 days 
postoperatively. These rats will undergo behavioral testing at day 7, 14, 28, and 3 months (prior to sacrifice), 
and then be anesthetized for CAP analysis before the nerve harvested for histologic analysis including toluidine 
blue analysis (Fig 7).  The nerves will also be stained for carbonic anhydrase 2 and cholineacetyltransferase, 
which label sensory and motor neurons respectively (Fig 6) 60, 61. After immunohistochemical staining, axons 
will be counted to determine the number of motor and sensory axons proximal to and distal to the coaptation 
site. An additional set of animals will undergo MRI-based DTI fiber tracking. 

Behavioral testing, consisting of a modified foot fault test and sciatic functional index will be recorded 
before the injury/repair and on post procedure days 1,2,3, & 7 and weekly thereafter.  These are commonly used 
behavioral methods reported in the literature.62 At each time point, an unpaired t-test will be used to compare 
differences in modified foot fault tests, sciatic functional indices, and axon counts between treatment and 
control groups.  ANOVA analysis will be conducted to compare treatment and control levels over time.  

Animal statistics: In our previous short term experiments we demonstrated a > 50% change in axon 
counts using DTI assessment (manuscript in preparation) after nerve injury in our sciatic nerve injury model  
(Figures 3) 24 with a standard deviation of approximately 15%.  If we estimated the benefit in this aim to be 
25% with the same standard deviation, using 6 control and 6 experimental animals in each group would allow 
us to determine a 2 tailed significance of .05 with a power of .87.  Groups will be assessed, with rats to be 
sacrificed at 7, 14, 28days, and at 3 months. 

Animal Number’s: For Task 1, 6 rats are needed for histology, and 6 for MRI. Therefore, 12 per group 
will be sacrificed on 4 separate dates (= 48 rats per group). With 7 total groups (control=sham surgery, cut 
mixed, cut sensory, cut motor, crush mixed, crush motor, crushed sensory), this requires 336 rats total. 

For Task 2, graded mixed nerve injury recovery will also be evaluated. For partial transections, a 3-D 
printed nerve cutting guide will allow graded transections of 25%, 50%,and 75%. Controls of 0% and 100% 
mixed nerve crush or cut injury will be from Task 1. Again, we will use 12 rats per group, sacrificed on 4 
separate dates, for a total of 48 rats per group (= 3 graded transections*48 = 144 total additional rats). 

For Task 3, two additional groups will be added: autograft and conduit repair. Again, we will include 12 
rats per group, sacrificed on 4 separate dates, for a total of 48 rats per group (= 2 different repairs*48 =  96  
additional rats). 

For all Tasks, a total of 576 rats will be required. 

Aim 2: Determine if DTI fiber tracking can predict recovery of peripheral nerve function in human case 
studies (crush or cut with repair). Pure sensory, motor, and mixed nerves will be evaluated. 
Using the studies from Aim 1 as model of failed nerve recovery, human in vivo MRI case studies will be 
performed. DTI data will be collected at 1, 3, 6, and 12 months after injury and surgical repair. The first time 



point was chosen to allow for inflammation to subside, which can confound DTI-based estimates of nerve 
regeneration (edema can result in increased diffusivities that can be incorrectly interpreted as changes in 
myelination and/or axonal integrity 63). We expect that changes due to degeneration/regeneration will be 
detectable via DTI at this time, as previous case studies noted detectable differences as early as 1 month 50, 51 (as 
well as our preliminary data in Figs. 11,12). The final time point of 12 months was chosen to allow adequate 
time for nerve regeneration. This will yield a ground truth assessment of the success of the repair at the end of 
the study. DTI results will be correlated with results from nerve conduction and EMG studies if clinically 
indicated acquired at the 3-, 6- and 12-months after surgery. We hypothesize that DTI will be able to stratify 
patients that are recovering versus patients with failed repair at earlier times points than nerve 
conduction and EMG. An outline of the study in shown in Figure 13.  
 

 
 
Patient Population 
Based on designs from previous clinical trials that assessed nerve function, we plan to enroll patients with 
Sunderland Class V (transection) injuries of injury that will undergo nerve repair. Additional patients with pure 
motor or sensory injuries will also be investigated. In all patients, complete nerve transection will be verified at 
the time of the surgery. Upper extremity injuries from the mid-forearm and distal will be eligible. This patient 
population is considered optimal due to the frequency of occurrence of extremity nerve injuries, the seriousness 
of the impairment when there is an insensate finger and or lack of intrinsic hand muscle function, and the 
availability of objective computerized mechanisms to assess outcome.  

Inclusion criteria:  We will consider subjects between 18 and 64 years old that are diagnosed with a 
Sunderland Class 5 traumatic neuropathy (transection injury) of upper extremity nerves that require repair. We 
plan to enroll only patients that have the preceding injury that are deemed candidates for immediate operative 
repair of this injury and do not have significant medical comorbidities precluding immediate operative 
intervention.  Additionally, patients must be willing to comply with all aspects of the treatment (post-operative 
visits, occupational therapy) and evaluation schedule over the following 12 months.  We plan to include 
subjects who have peripheral nerve injuries that are complicated by significant vascular or orthopedic damage.  

Exclusion criteria: Patients will be excluded from enrollment if their injuries exhibit gross 
contamination, in circumstances where soft tissue coverage is inadequate, or when staged repair is planned. We 
will also exclude patients that are diabetic, have been diagnosed with a neuromuscular disease, or are 
undergoing chemotherapy, radiation therapy, or other treatments known to affect the growth of the neural and 
vascular system. We will exclude all patients currently enrolled in another investigational study or those who 
are unlikely to complete the normal regime of occupational therapy.  For safety reasons, all pregnant women or 
women who are breast-feeding will also be excluded from this study along with subject with any ferromagnetic 
objects that cannot be removed (cardiac pacemakers, aneurysm clip, etc.), and/or a history of claustrophobia. 
All subjects will undergo a standardized MRI metal screening prior to each MRI scan, and signed consent will 
be obtained prior to all examinations.  

Sample size: Previous optimization DTI studies in human median nerves reported mean (±SD) FA 
values of 0.7± 0.04 42. We do not have human longitudinal data from which we can estimate an effect size; 
however, Takagi et al. 22 performed ex vivo DTI in a rat injury model longitudinally and reported mean FA 
values of 0.5 following trauma (FA values are preserved across fixed and in vivo tissue 64). We, therefore, 
assume a similar mean FA value after surgery (0.5) with a SD taken from the aforementioned human 
optimization study (0.04) for our power analysis below. A conservative goal is to detect a 10% increase in FA 
from this decreased value to stratify successful from unsuccessful surgical interventions. If we test for 

FIG 13. Study design timeline 
following surgical repair. MRI will be 
performed at 1, 3, 6, and 12 months 
after surgery to estimate DTI 
parameters. NCS/EMG data will be 
collected for comparison at 3, 6, and 
12 months. 



differences between these cohorts via a two-tailed pooled Student’s t-test (p = 0.05), 24 patients would yield a 
study power of 0.8. Thus, assuming a failure rate of 40%, we will scan 24 patients, approximately 14 of which 
should have successful surgeries and 10 of should have unsuccessful surgeries.  

Subject recruitment: Patients will be recruited through consultations to the hand service at VUMC.  
Patients scheduled to receive nerve repair procedures meeting the criteria will be considered for participation. 
All patients must give informed consent prior to any study procedures. In the case of patients who are not 
competent to make a decision regarding study participation, they will be excluded from the study. A copy of the 
signed study consent document and authorization forms will be given to each patient.  All signed consent 
documents will be stored in a locked cabinet in the office of the research coordinator or Principal Investigator, 
S-2221 Medical Center North. In an average year, the Vanderbilt Medical Group performed over 372 digital 
nerve repairs and an additional 50 repairs involving mixed nerve loss in the upper extremity. As a result, we 
anticipate reaching our target recruitment of 24 mixed injury subjects within approximately 18 months, leaving 
adequate time for sequence development in the early stages of the award (1st six months) and 12-month follow-
up scan in the latter stages of the award (3rd year). It is rare to see a pure motor nerve injury (ulnar motor branch 
of the hand). These ulnar motor branch injuries will be additionally included through the duration of the study, 
but it is unlikely that more than 10 will be observed in a single center study.  
 
Investigational Procedure 
After inclusion criteria are met, a standard peri-operative anesthesia evaluation will be undertaken. If the patient 
is deemed to be of appropriate operative risk to undergo immediate operative repair, informed consent will be 
obtained and patients will be enrolled in the study. These determinations and obtainment of informed consent 
will be by research coordinator or principal investigator.  It is anticipated that patients will be enrolled primarily 
through the emergency and trauma units. Clinical testing will occur as scheduled in Table 1. EMG/NCS will be 
performed after injury if clinically indicated, and at 1,3,6, and possibly 12 months after injury. These studies 
will be limited to focus on the injured nerve to decrease exam time and discomfort. If patients have fully 
recovered clinically, additional EMG’s will not be performed.  

No surgical details will deviate from the current standards for operative repair. All wounds will be 
closed in the fashion deemed appropriate by the operating surgeon.  In essence, the only deviation from the 
expected surgical repair of these injuries will be post-operative monitoring after nerve repair.  

Follow Up: Postoperatively, we plan to follow each patient for a total duration of 12 months after repair, 
anticipating follow up at 1 week, 1 month, 3 months, 6 months, and 12 months post injury.  The data to be 
collected at each visit are shown in Table 1.   

DTI Acquisitions 
Both arms will be scanned in each subject, with data from the uninjured arm serving as an internal control in 
each patient. Participants will be imaged in the prone position with the arm being imaged extended over the 
head. Upon completion of the MRI protocol in the 1st arm, participants will be repositioned with the other arm 
above the head; and the same MRI protocol will be performed in the 2nd arm. To minimize discomfort, the total 
protocol duration (DTI scans plus additional calibration scans, scout images, T1-weighted anatomical, and T2-
weighted anatomical protocols) will be less than 30 minutes for each arm.  

Human MRI studies will be performed on our 3.0-Tesla Philips Achieva whole-body MR scanner 
(Philips Healthcare, Best, The Netherlands). A two-channel body coil will be used for excitation, while a multi-
element extremity coil will be used for signal reception. We currently have an array of multi-element coils that 
allow us to perform studies of both distal nerves of the arm. The details of the DTI protocol will be informed 
from the animal studies and will be optimized during the initial phase (6 months) of this study in healthy 
subjects. As a starting point, we will rely on previous DTI optimization studies in human median nerve 44, 
which employed a multi-slice diffusion-weighted spin-echo sequence with the following parameters: number of 
diffusion directions = 15, b = 1000 s/mm2, TR/TE = 8000/52 ms, in-plane resolution = 1.0 x 1.0 mm2, field-of-
view = 80 x 80 mm2, number of slices = 25, slice thickness = 4 mm, numbers of signal averages = 4, SENSE 
acceleration factor = 2, and SPAIR fat suppression. Using this protocol, DTI data can be acquired in 
approximately 10 minutes, leaving adequate time to complete the entire protocol for each arm within 30 
minutes. 



 
Table 1. Demographics and Outcome Variables and follow up for nerve injury patients. 
Data Recorded Study Entry Postoperative Day 
Demographics   1 30 90 180 360 
Age X      
Sex X      
Race X      
Medical Comorbidities X      
Surgical History X      
Social History X      
Worker’s Compensation Status X      
Occupation X      
Concurrent Injuries X      
Laboratory Values X      
Rehabilitation Regimen   X X X X 
Affected Limb Physical Examination X X X X X X 
Normal Limb Physical Examination X  X X X X 
Distance from Injury to Finger Tip X      
Outcome Variables       
Pain Assessment X X X X X X 
Medical Research Council Classification X X X X X X 
Data Recorded Study Entry 
Outcome Variables Continued  1 14 30 90 180 
Static 2-Point Discrimination X X X X X X 
Moving 2-Point Discrimination X X X X X X 
Michigan Hand Questionnaire X X X X X X 
Grip Strength M M M M M M 
Nine hole peg test  M M M M M 
Short Form 12 X X X X X X 
Dash Questionnaire  X X X X X X 
Complications  X X X X X 
MRI   X X X X 

X = ALL COHORTS, M= MIXED NERVE 

DTI Analysis 
In each subject, we will acquire 15 diffusion-weighted (DW) volumes, each sensitized to diffusion along a 
different direction, along with a non-DW volume as described above. All DTI pre-processing and tensor 
estimations will be performed via FMRIB's Software Library (FSL) 69. All volumes will first be coregistered to 
the non-DW volume using a 3D affine transformation to correct for the effects of motion and eddy currents. If 
rotations to the data are applied, the gradient table will be rotated accordingly. Then, the diffusion tensor D will 
be calculated using a weighted linear least squares approach. Three eigenvalues and corresponding eigenvectors 
will be calculated from D, defining the diffusivities and principal direction of diffusion, respectively. From this, 
we will calculate the FA, MD, RD, and AD on a voxel-wise basis. As a reminder, MD represents the mean 
diffusivity across all directions, AD represents diffusivity parallel to the principal directions of the axons, RD 
represents diffusivity parallel to the principal directions of the axons, and FA quantifies the degree of diffusion 
anisotropy. During regeneration, we expect to observe an increase in FA and decrease in MD due an increase in 
the order and total number of diffusion barriers, respectively. The relative impact of RD and AD on these 
changes has yet to be established; however, it has been suggested that RD primarily reflects myelination, while 
AD primarily reflects axonal degeneration/regeneration 22, 53. 

The eigenvalues/eigenvectors estimated from D will also be used to perform fiber tractography, which 
will be performed using the ExploreDTI toolbox 70. Seed regions-of-interest (ROIs) of each nerve will be drawn 



in the most proximal slice to seed each fiber tract. FA threshold values and the angulation tolerances determine 
the limits for the automatic tracking of fibers. Previous work 43 has determined optimal reconstruction 
parameters for fiber tractography of healthy nerves (FA threshold = 0.2 and maximum angulation tolerance = 
10). We will use these parameters as a starting point, noting that adjustments may need to be made in 
regenerating nerve.  Tractography results will be quantified by estimating the mean length of fiber tracts as well 
as the relative number of fiber tracts that successfully reach ROIs defined in the most distal slice. During 
regeneration, we expect mean fiber lengths and relative tract numbers to increase. 

Statistics  
Statistical analyses will be performed using STATA/IC 13.1 (StataCorp, College Station, TX). In controls, tests 
will performed to evaluate i) the relationship between DTI metrics and confounding variables (age, sex, and 
BMI), ii) the variability of DTI metrics between nerves and along nerve segments and iii) the repeatability of 
DTI metrics across scans and raters. In patients, tests will be performed to i) evaluate the ability of DTI to 
predict failed nerve recoveries at each time point (using evaluations at 12 months as the ground truth) and ii) 
evaluate correlations between the DTI parameters and EMG/NCS results.  

We will first examine the potential confounding influence of BMI, age, and sex on each DTI parameter 
via multiple linear regression in controls. A Shapiro-Wilk test on the regression residuals will be used to test for 
normality. For the sake of this proposal, we assume normality and that parametric statistical tests are 
appropriate. We will employ corresponding non-parametric tests if normality is not observed. The effects of 
BMI, age, and sex on DTI parameters will quantified via Pearson partial correlation coefficients. To test for 
variations across nerve and along nerve segments in control subjects, an ANOVA will be performed. If 
significant variation is observed, post hoc pair-wise comparisons will be performed using a Bonferroni multiple 
comparison test.  

To understand the ability of DTI parameters to provide estimates of nerve regeneration, it is important to 
first understand the reliability of the acquisition (interscan) and assessment (interrater) methodology. To 
estimate the interscan reliability, intraclass correlation coefficients (ICC) will be calculated for each DTI metric 
in the control scan-rescan data. To test for changes in DTI parameters across time, paired t-tests will also 
performed between each timepoint. Finally, the interscan variabilities of DTI parameters will be estimated via 
the repeatability coefficient (RC), which is defined as 1.96 times the SD of the mean difference between scans. 
Analogous analyses will be performed for the inter-rater data, where nerve ROIs will be independently defined 
in 12 control subject by two trained raters. 

Patients will be grouped into “failed” or “successful” cohorts based upon our evaluations at 12 months. 
All tests below will be performed in three nerve segments of the injured nerve: i) proximal to the injury, ii) at 
the injury site, and iii) distal to the injury. The percent difference in DTI parameters between injured and non-
injured arms will be used in all analyses to control for confounding factors (e.g., age). To evaluate the ability of 
DTI to predict failed nerve recoveries at each time point, we will perform two sets of test. First, significant 
difference between “failed” or “successful” groups will be tested (at each time point and nerve segment) via a 
Bonferroni multiple comparison test.  Second, and ROC analysis will be performed to evaluate the diagnostic 
potential of each normalized DTI parameter at each time point and nerve segment. Finally, to evaluate 
relationships between DTI parameters and NCS/EMG data (e.g., CMAP), pairwise Pearson correlations and 
Bonferroni corrected significance values will be calculated. 

 
Potential Pitfalls/Solutions 
As previously mentioned, we expect to be able to meet our subject recruitment targets (24 subjects) within the 
first two years of the award, allowing one additional year for follow-ups. If we encounter recruitment (or 
retention) issues, we will investigate the feasibility of performing DTI in the digital nerves of the hand, as injury 
to these nerves is much more common. Our preliminary studies indicate that our DTI protocols have sufficient 
resolution to robustly perform DTI of the nerves at the level of the wrist. Performing tractography from these 
larger, more proximal nerves (median and ulnar) to the more distal digital nerves of the hand may also be 
feasible, and will be investigated if recruitment and/or retention issues are encountered. 

In interpreting our DTI results in patients, it is important to consider each DTI metric’s specificity to 
different pathological processes. Although diffusion metrics are primarily sensitive to axonal integrity, studies 



have shown the DTI indices are also sensitive to myelination and inflammation 63, 65. Given that all of the 
processes may occur concurrently during nerve degeneration/regeneration, a direct linkage between changes in 
DTI parameters and nerve recovery may be difficult, especially at the earlier time points when some level of 
inflammation may be present. Although histological evaluation of these various processes is not feasible in 
humans, we have a number of validated quantitative measures (EMG, NCS) that, when available, can be used to 
validate our DTI findings in humans. In addition, we will rely on the proposed validation studies in animal 
models (Aim I) to better understand the relationship between our DTI observations and underlying pathology.  

In addition to interpretation issues, the sensitivity of DTI parameters to the nerve regeneration process in 
humans in vivo has yet to be assessed. If we encounter sensitivity issues (for example due to the confounding 
effects of inflammation), we will investigate a multi-parametric approach that includes magnetization transfer 
ratio (MTR) MRI as a secondary measure. MTR imaging is based upon interactions between hydrogen protons 
on water molecules, from which the conventional MRI signal is derived, and hydrogen protons associated with 
solid-like macromolecules (e.g., myelin lipids), which are typically MRI-silent. Previous studies have indicated 
that i) MTR relates to myelin content changes in peripheral nerves (from either demyelination and/or axonal 
degeneration/regeneration) 66 and ii) high-resolution MTR maps of the median and ulnar can be readily acquired 
within clinical feasible scan times 67. We have previous experience with this technique and have demonstrated 
that MTR measurements of the proximal nerves of the leg correlate with functional deficits in both 
demyelinating/dysmyelinating and axonal inherited neuropathies 68.  

 

 
 
  
 
 

SUMMARY  
MRI based diffusion tensor tractography has not been previously applied to follow long term recovery in post-
surgical animal models or human nerve injuries patients.  We have shown early success in post nerve repair 
animals and we believe the technique will allow clinicians to non-invasively monitor nerve injury patients and 
predict success, or failure, at a much earlier time point.  If this holds true, then this new protocol could change 
the way nerve injuries are monitored and could help salvage failed repairs and improve overall outcomes.  We 
expect this novel technique will improve the overall rate and extent of recovery after nerve injury.  We 
anticipate that in the future this technique will be broadly useful wherever patients have a nerve injury and are 
being considered for surgical repair.  This includes both soldiers and civilians with nerve injuries from 
traumatic injury, or after surgical resection for cancer or other reasons. 
 
Timetable for Starting and Completing Each Specific Aim 

 

FIG 14.  High-resolution MTR maps of the sciatic nerve (zoomed inset) in a control subject and patient 
with Charcot-Marie-Tooth Type 1A (CMT1A), which is a dysmyelinating inherited neuropathy (left). 
MTR values in the proximal sciatic nerve correlate with clinical measures of disability (via the CMT 
Neuropathy score) in both demyelinating/dysmyelinating and axonal inherited neuropahties (right). 
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