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ABSTRACT

BACKGROUND AND PURPOSE: Despite recent improvements in perinatal care, the incidence of neonatal brachial plexus palsy remains
relatively common. CT myelography is currently considered to be the optimal imaging technique for evaluating nerve root integrity.
Recent improvements in MR imaging techniques have made it an attractive alternative to evaluate nerve root avulsions (preganglionic
injuries). We aim to demonstrate utility of MR imaging in the evaluation of normal and avulsed spinal nerve roots.

MATERIALS AND METHODS: All study patients with clinically diagnosed neonatal brachial plexus palsy underwent MR imaging by use of
a high-resolution, heavily T2-weighted (driven equilibrium) sequence. MR imaging findings were reviewed for presence of nerve root
avulsion from C5–T1 and for presence of pseudomeningocele. The intraoperative findings were reviewed and compared with the preop-
erative MR imaging findings.

RESULTS: Thirteen patients (9 male, 4 female) underwent MR imaging; 6 patients underwent nerve reconstruction surgery, during which
a total of 19 nerve roots were evaluated. Eight avulsions were noted at surgery and in the remainder, the nerve injury was more distal
(rupture/postganglionic injury). Six of the 8 nerve root avulsions identified at surgery were at C5– 6 level, whereas 1 nerve root avulsion was
identified at C7 and C8 levels, respectively. The overall sensitivity and specificity of MR imaging for nerve root avulsions was 75% and 82%,
respectively.

CONCLUSIONS: Our preliminary results demonstrate that high-resolution MR imaging offers an excellent alternative to CT myelography
for the evaluation of neonatal brachial plexus palsy with similar sensitivity compared with CT myelography.

ABBREVIATIONS: NBPP � neonatal brachial plexus palsy; CTM � CT myelogram

Neonatal brachial plexus palsy (NBPP) results from insult to

the brachial plexus during the perinatal period.1 NBPP can

result when the upper shoulder of the infant becomes blocked by

the pubic symphysis of the mother.2,3 Nerve injury can occur

anywhere along the brachial plexus but generally occurs in the

supraclavicular brachial plexus at the nerve roots/trunks levels,

resulting in varied neurologic deficits. Damage to the nerve roots

arising from the ventral aspect of the spinal cord results in motor

function disability. The most common lesions occur within the

C5 and C6 spinal nerves (80% of patients), with a smaller group of

patients having more extensive lesions ranging from C5–C7 and

from C5–T1 (pan-plexopathy).1,3 Collectively, the clinical pre-

sentation resulting from these lesions is referred to as NBPP.

NBPP occurs with an incidence of up to 3 per 1000 live births.1

The most severe forms of injury result from complete axonal dis-

ruption (neurotmesis or severe axonotmesis), either at the level of

the proximal nerve roots or trunks of the brachial plexus (rup-

tures, postganglionic injury), or when 1 or more of the spinal

nerves of the brachial plexus are torn out of the spinal cord (root

avulsion, preganglionic injury).4 In these cases, the likelihood of

spontaneous recovery is low and surgical intervention is generally

thought to be reasonable.5 Less severe injuries such as simple

stretching of the nerves (neurapraxia) or rupture of a few axons

(mild axonotmesis) can result in spontaneous functional recov-

ery3 (Fig 1). The clinical treatment of patients with NBPP can be

difficult and depends on the specific type of lesion involved. Early

on, it is often difficult to characterize the lesion type because pa-

tients may clinically present with similar apparent deficiencies

regardless of the levels involved. This presents a diagnostic and

management dilemma because patients with neurapraxia/mild
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axonotmesis will demonstrate spontaneous recovery over time,

whereas the effectiveness of surgical intervention for neurotmesis

or nerve root avulsion decreases with time. The typical practice at

this time is to allow the patient a 3-month period in which to

exhibit spontaneous recovery.4,5 If recovery does not occur or is

incomplete, further evaluation is recommended to determine the

extent of injury. Perhaps there is a role for imaging earlier after

birth because patients with minor injuries could be given a more

favorable prognosis without the waiting period, at the admitted

increased medical costs. However, it is possible that early imaging

can save medical costs downstream by identifying patients who do

not need more extensive follow-up and evaluation in the future.

Although direct surgical exploration may be considered the

reference standard for lesion characterization, it carries signifi-

cant morbidity and would require laminectomy to observe the

intradural nerve roots. For this reason, CT myelography (CTM)

and electrodiagnostic studies have been used as less invasive tech-

niques and comprise the standard preoperative assessment for estab-

lishing preganglionic nerve root avulsion and postganglionic nerve

ruptures in neonatal, pediatric, and adult populations.4,6 CTM is

most useful for detection of root avulsions (72% sensitivity), whereas

electrodiagnostic studies are best at detecting postganglionic nerve

ruptures, especially in the upper plexus (93% sensitivity).6 These 2

tests are generally used in combination with one another to provide

the neurosurgeon with supplemental preoperative information.6

Although CTM is currently the most widely used imaging

method for evaluating nerve root avulsion, there are drawbacks. It

requires an invasive lumbar puncture, instillation of iodinated

contrast into the thecal sac, and the use of radiation, all of which

carry unfavorable risks, particularly within the infant and pediat-

ric populations. Nevertheless, CTM continues to be recom-

mended in every preoperative assessment for NBPP at many spe-

cialty centers.4,6 Recent improvements in MR imaging techniques

have made MR imaging an attractive alternative to conventional

CT. MR imaging is noninvasive, does not require the use of intra-

thecal contrast, and does not use ionizing radiation. This tech-

nique, if effective at diagnosing nerve root avulsion, can emerge as

an alternative technique to CTM in the pediatric population. To

date, however, there are only a few reports contained in the literature

examining the utility of MR imaging for nerve root avulsions and

none looking specifically at NBPP.7-11 The reports contain scant im-

aging examples of nerve root avulsion, and many of the images are

not convincingly diagnostic.12 Most of the reports focus on the use of

a heavily T2-weighted 3D sequence, referred to under various names

on the basis of the specific manufacturer, such as 3D CISS (construc-

tive interference in steady state), 3D True-FISP (fast imaging with

steady-state precession), FIESTA (fast imaging employing steady-

state acquisition), and DRIVE (driven equilibrium) sequences.7 The

end goal of these sequences is the same: to create a sequence with very

high CSF-to-tissue contrast with elimination of pulsation artifact, to

optimally visualize the exiting cervicothoracic nerve roots.13 Until

now, however, there are no studies that unequivocally and consis-

tently demonstrate high-quality images of nerve root avulsion. Some

propose that it lacks the requisite spatial resolution to provide the

neurosurgeon with necessary diagnostic information,14 though

more recent advances in high-resolution 3T MR challenge this prop-

osition.15 Our aim was to use high-resolution MR imaging in evalu-

ation of ventral nerve root avulsions in NBPP and to demonstrate

that it is an excellent noninvasive and nonirradiating alternative to

CTM.

MATERIALS AND METHODS
Institutional review board approval was obtained, and patient

consent was waived for this Health Insurance Portability and Ac-

countability Act– compliant prospective study. Patients were re-

ferred to our institution for evaluation of NBPP. All patients were

given an obligatory observation period of 3– 4 months to assess

for spontaneous recovery. If clinical improvement was not forth-

coming, they were referred for additional evaluation including

MR imaging. MR imaging examination was performed on a 3T

magnet (Ingenia; Philips Healthcare, Best, the Netherlands). We

used a high-resolution 3D T2 DRIVE sequence with TR/TE/ of

1500/100 ms, TSE factor of 40, uniform voxel size of 0.6 mm with

field of view of 80 mm, and reconstruction matrix of 320 � 320. A

sensitivity encoding factor (parallel imaging) of 1.6 was used. To-

tal scan time for this sequence was 8 minutes, 43 seconds. Sagittal

and coronal reformatted images on both right and left sides were

obtained in all patients and reviewed. All imaging studies were

independently reviewed by 2 board-certified and pediatric neuro-

radiology–trained radiologists. Findings of presence or absence of

ventral nerve root avulsions were recorded by consensus. At the

time of writing, 6 of the 13 patients had proceeded to surgery. The

findings at the time of surgery were recorded. The initial radio-

logic diagnoses were then compared with the surgical findings for

any discrepancy (Table).

RESULTS
Thirteen patients (9 male, 4 female) with clinically diagnosed

NBPP underwent MR imaging evaluation. Average age at the time

of imaging was 6 months. MR imaging was successful and able to

visualize the individual ventral and dorsal nerve roots in all pa-

tients (Fig 2A–C). We used axial images as primary images for our

analysis; sagittal and coronal reformatted images complemented

FIG 1. Schematic diagram showing different patterns of injuries af-
fecting the nerve, including neuropraxia (A), mild axonotmesis (B), and
neurotmesis (C).
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the axial images by showing multiple nerve roots at the same time.

Of the 13 patients, 6 underwent brachial plexus exploration and

nerve reconstruction, from which a total of 19 nerve roots were

evaluated. At surgery, 8 ventral nerve root avulsions were noted.

Overall, MR imaging was 75% sensitive and 83% specific in the

preoperative detection of these ventral nerve root avulsions. The

positive and negative predictive values were also 75% and 83%,

respectively. A more in-depth, level-by-level analysis demon-

strated that 6 of 8 surgically confirmed avulsions occurred at the

C5 and C6 levels (Fig 3A–F). At C5, there was 1 avulsion, which

was correctly identified by means of MR imaging (100% sensitive

and specific). At C6, there were 5 surgically proved avulsions. Of

these, MR imaging was successful in detecting 3 of the lesions

(60% sensitive, 100% specific). Interestingly, the remaining 2

avulsions that were not detected did not have any evidence of

associated pseudomeningocele, either on imaging or at surgery.

The C6 level nerve roots were reanalyzed again in light of sur-

gical data, but no obvious technical issues on MR images were

noticed to explain this discordance. At C7, there was 1 surgi-

cally confirmed avulsion that was detected by MR imaging;

however, there were 2 additional false-positive C7 avulsions

(100% sensitive, 60% specific, 33% positive predictive value).

MR imaging correctly identified 1 avulsion at C8. An addi-

tional C8 avulsion was detected, but this level was not explored

surgically and thus there was no confirmation. At the T1 level,

MR imaging did not detect any abnormalities. Only 1 of these

T1 levels was surgically confirmed to be normal, whereas none

of the other T1 roots were explored, and thus confirmation of

whether these roots were actually intact was not possible. MR

imaging detected 5 pseudomeningoceles (Fig 4) occurring in 3

patients, all of which were associated with nerve root avulsions.

Of note, no MR imaging avulsions were identified in the ab-

sence of a pseudomeningocele. Interestingly, however, there

were 2 surgically confirmed C6 avulsions. In both of these

cases, there was no evidence of pseudomeningocele.

DISCUSSION
NBPP includes a wide array of injuries, primarily to the exiting

nerve roots and trunks of the brachial plexus. Identification of

avulsion (preganglionic) injuries is critical for maximizing out-

comes by early surgical intervention and for operative planning:

the nerve reconstruction strategy for avulsion injuries signifi-

cantly differs from that of rupture (postganglionic injuries). In the

case of ruptured nerve roots or trunks, autologous nerve grafting

is usually used. A harvested nerve, often the sural nerve, is used to

bridge the gap between the disrupted elements of the brachial

plexus.3 This provides a physical pathway as well as neurotrophic

factors to stimulate axonal outgrowth. This surgery is often ac-

complished by means of a supraclavicular approach.5 Brachial

plexus root avulsion provides an additional challenge because

Comparison of MRI and surgical findings at each cervical level
Cervical Level

Patient Affected Side

C5 C6 C7 C8 T1

MRI Surgery MRI Surgery MRI Surgery MRI Surgery MRI Surgery
1 Right N N N N N N N N/A N N/A
2 Left N N N A N N N N/A N N/A
3 Right A A A A A N A N/A N N/A
4 Left N N N A N N N N/A N N/A
5 Right N N A A A A A A N N
6 Right N N A A A N N N/A N N/A

Note:—N indicates normal; A, avulsion.

FIG 2. A, Axial high-resolution MR imaging in a 6-month-old girl with clinically suspected right-sided brachial plexus palsy showing intact right
ventral (arrowhead) and dorsal nerve roots on both sides. Compare with normal left-sided nerve roots. Sagittal (B) and (C) coronal reformatted
images from the axial data again show normal ventral and dorsal nerve roots at each vertebral level.
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currently there is no feasible way in which to reattach the avulsed

root to the spinal cord. The solution is a nerve transfer, in which

an extra-plexus exiting nerve is cut and coapted to the denervated

brachial plexus terminal nerve.3

In the present study, we evaluated a total of 13 patients by use

of high-resolution MR imaging, of which 6 went on to surgery for

confirmation and repair. In terms of overall performance, MR

imaging demonstrated a sensitivity of 75% and specificity of 83%,

both of which are comparable to the results published on CTM.

Vanderhave et al6 found the sensitivity of CTM as compared with

surgical exploration to be 50% at levels C5 and C6, 83.3% at C7,

and 75% at C8 and T1. There were 2 instances in which MR

imaging failed to detect nerve root avulsion, both at the C6 level in

different patients. These avulsions were detected at surgery, and

these patients had no other roots that were avulsed. Curiously, no

secondary findings such as pseudomeningocele were identified,

either on imaging or at surgery. Isolated root avulsion without

such secondary findings of trauma is quite unusual, and no satis-

factory anatomic explanation exists; perhaps there was scarring of

the pseudomeningocele in the interval from time of injury to the

time of imaging. Nonetheless, these 2 cases provide excellent ex-

amples in which nerve root avulsions can exist at surgery without

the presence of pseudomeningocele formation. Therefore, it is

imperative that MR and CT emphasize the imaging of actual

nerve roots and that the neuroradiologist should not rely solely on

the detection of pseudomeningoceles to confirm or discount the

existence of a root avulsion. Our results demonstrate that MR

imaging offers an excellent alternative to CT myelography in the

evaluation of complete brachial plexus nerve root avulsion(s).

The high-resolution MR imaging technique provides unambiguous

visualization of intact nerve roots and accurate assessment of nerve

root avulsions. MR imaging is also able to clearly show dorsal and

ventral nerve roots in all 3 planes. It is important to differentiate the

dorsal and ventral nerve roots and assess whether they are intact or

avulsed because an intact dorsal nerve root can be used as a donor for

an avulsed ventral nerve root by the neurosurgeon.

There are limitations to this study. First and foremost, the

sample size is small, with 13 patients included in the study, only 6

of whom went on to surgery. Nevertheless, this is the first study of

its kind to compare MR imaging findings with the reference stan-

dard of surgical exploration in the setting of NBPP. Another lim-

itation stems from the lack of comparison CTM within this study

group. Ideally, CTM and MR imaging would have been obtained in

all patients to allow for a one-to-one comparison of the accuracy of

the tests, but, obviously, given the ethical considerations, this was not

deemed possible. Thus, the sensitivities and specificities for MR im-

aging were compared with those of CTM in the already published

literature. The third limitation is that with the exception of 1 patient,

the remaining C8 and T1 levels were never surgically observed. This

in part had to do with the alternate, more in-depth surgical approach

necessary to access these levels. This resulted in 1 C8 avulsion being

detected on MR but never undergoing surgical confirmation. This

was an isolated, nonsurgically confirmed avulsion. All other avul-

sions were surgically confirmed or refuted.

FIG 3. A, Axial high-resolution MR imaging in a 5-month-old girl with clinically suspected right-sided brachial plexus palsy shows avulsion injury
of the right C5 ventral nerve root (arrow). The right dorsal nerve root is also avulsed (arrowhead). Sagittal (B) reformatted images on the right
side show absent ventral and dorsal C5 nerve roots (arrows), compared with the normal nerve roots on left side (C). Coronal reformatted image
(D) at the level of ventral nerve roots show absent right C5 ventral nerve root from avulsion (arrow), compared with the normal left-sided nerve
root (arrowhead).

FIG 4. Axial high-resolution MR imaging in a 4-month-old boy with
clinically suspected right-sided brachial plexus palsy shows a pseudo-
meningocele at right C5– 6 level (arrow). Note absent nerve roots on
right side suggestive of nerve root avulsion injury. Compare with nor-
mal ventral and dorsal nerve roots on the left side.
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CONCLUSIONS
By prospectively examining 13 patients with clinically diagnosed

NBPP, we have demonstrated the potential utility of MR imaging

for providing reliable preoperative diagnoses of the type and ex-

tent of injury. It has proven value and has supplanted the use of

CTM at our institution. Given that it is both noninvasive and

nonirradiating while still providing all of the diagnostic informa-

tion necessary to aid our neurosurgical colleagues, MR imaging

should be the recommended technique in evaluating nerve root

avulsion injuries in patients with NBPP.
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