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OBJECTIVE: Preoperative, reliable detection by ancillary investigations of spinal nerve
root avulsions in infants with severe obstetric brachial plexus lesions to avoid ineffec-
tive operative repair from deceivingly intact but actually avulsed nerve roots.
METHODS: Ten infants were selected with an infrequent, severe dominant C7 lesion,
primarily because of the anatomically distinct supraclavicular course of this spinal
nerve. Three-dimensional constructive interference in steady-state magnetic resonance
imaging (3D CISS MRI) studies under mild sedation were performed and evaluated for
detection of avulsed nerve roots by two experienced neuroradiologists. Preoperative
electrodiagnostics (electromyography and somatosensory evoked potentials) as well as
intraoperative somatosensory potentials and muscle contractions after electrostimula-
tion were recorded. Preoperative and intraoperative ancillary investigations were
correlated with intraoperative findings in eight patients and clinical status in two
children who recovered spontaneously.
RESULTS: Despite two minor motion artifacts, the quality of the 3D CISS MRI studies was good.
In 8 of 10 patients, prediction of root continuity was consistent with operative or clinical
findings, and 2 remained doubtful. Preoperative and intraoperative electrodiagnostics tended
not to correlate with intraoperative findings in this small, selected group.
CONCLUSION: 3D CISS MRI provides good images of anterior and posterior spinal
roots in infants with obstetric brachial plexus lesions. Images seem to allow accurate
prediction of root avulsion in the majority of patients. In this study, electrodiagnostics
were of limited value.

KEY WORDS: Brachial plexus neuropathies, Diagnostic imaging, Electrodiagnosis, Obstetric lesion

Neurosurgery 57:930-940, 2005 DOI: 10.1227/01.NEU.0000180813.10843.D4 www.neurosurgery-online.com

The success of nerve grafting procedures
in obstetric brachial plexus lesions (OB-
PLs) that require surgical reconstruction

depends on the presence of regenerating ax-
ons in proximal nerve stumps (1, 25). When
roots are avulsed from the spinal cord, regen-
erative capacity is lost, because there is no
connection with the central cell body. Root
avulsions, however, can be very difficult to
identify. If an empty neuroforamen is encoun-
tered or when a spinal ganglion is retracted
extraforaminally, avulsion is evident. If an
avulsed nerve root is not retracted, it may
seem deceivingly normal, but because it lacks

regenerating axons, repair from such nerve
stumps is ineffective. Hemilaminectomy and
intradural inspection of root entry zones at
relevant spinal cord levels offers the most re-
liable control of root avulsion (3, 14), but al-
though practiced in adults with traumatic le-
sions, this is not really feasible in infants (15).
Therefore, additional imaging and electro-
physiological studies focus on the issue of
how to reliably detect complete or partial
preganglionic nerve root lesions. Even when im-
aging is combined with intraoperative neuro-
monitoring, diagnosis of root avulsions in OB-
PLs remains inconclusive in at least 15% (6, 14).
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Computed tomographic (CT) myelography and routine two-
dimensional magnetic resonance imaging (MRI) techniques still
lack resolution in infants, whereas other techniques are techni-
cally too demanding (2, 4, 5, 7, 11, 18, 21, 24). A new, fully
flow-compensated, three-dimensional (3D) MRI technique with
T2 weighting was introduced, the so-called 3D constructive in-
terference in a steady-state (3D CISS) technique. We report the
use of this 3D CISS MRI technique since 1998 and additional
electrophysiological studies in 10 patients with a dominant C7
lesion (12, 17, 22) (Table 1) to detect root avulsion.

PATIENTS AND METHODS

Patients

From 1995 to 2003, 490 infants with OBPLs presented at the
Vrije Universiteit University Medical Center in Amsterdam,
the Netherlands. From this group, 14 infants (5 boys and 9
girls) presented with a severe dominant C7 lesion, which is not
an isolated or exclusive C7 lesion but rather a subtotal plexus
lesion with dominant paralysis of C7 innervated muscles ac-
cording to the Narakas classification (Table 1; Fig. 1A) (12).
Four children examined before 1998 only by CT myelography
were excluded; the remaining 10 children were the subjects of
this study. In OBPLs in general, ancillary investigations, as
mentioned below, are scheduled, and surgery is indicated
between Months 4 and 6 if there is either failure to recover
biceps function, whether or not in combination with failure to
recover extension of the elbow, wrist, fingers, and thumb
within 4 months from birth, or evidence of a severe lesion with
Horner’s sign, persistent hypotonic paralysis of the arm, per-
sistent phrenic nerve paralysis, persistent signs of denervation
in electrophysiological studies, and suspicion of root avulsion
on diagnostic imaging (1, 17, 22). The same time schedule
applies to the dominant C7 lesion in which failure to recover
shoulder adduction and elbow extension, whether or not in
combination with wrist extension, is predominant.

Imaging: 3D-CISS MRI

In all patients, a 3D CISS MRI study (1.5 T; Siemens Mag-
netom; Siemens Medical Systems, Inc., Erlangen, Germany)
was performed. Infants less than 4 months of age were sedated

TABLE 1. Narakas classification of obstetric brachial plexus lesions

Classification obstetric
brachial plexus lesions

Lesion Clinical presentation

Group 1 C5, C6 or superior trunk Paralysis of deltoid, shoulder exorotation, and biceps

Group 2 C5, C6 or superior trunk, C7 or
medial trunk

Same as Group 1, with paralysis of extension of elbow, wrist,
and digits. Typical “waiter tip” hand

Group 3 C5, C6 or superior trunk, C7 or
medial trunk, incomplete C8,
T1, or inferior trunk

Except for some finger flexion, virtually complete paralysis

Group 4 Complete plexus Complete flaccid paralysis of upper extremity Horner sign

Group 4, dominant C7 C7 or medial trunk, incomplete
other plexus structures

Paralysis of shoulder adduction and elbow extension and
mostly in different degree of wrist and finger extension.
Varying incomplete other muscle deficits.

FIGURE 1. A, photograph of infant with a dominant C7 lesion. Weakness
of shoulder adductors, elbow, and forearm extensors. B, intraoperative pho-
tograph of spinal root avulsion with retracted ganglion proximally con-
nected to sensory or posterior root (forceps) and just distal from the gan-
glion, the motor or anterior root.
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with chloral hydrate suppositories. Children older than 4
months were sedated with intramuscular injection of pethi-
dine, droperidol, and chlorpromazine. During scans, all in-
fants were controlled by video camera and monitoring of heart
rate, breathing, and oxygen saturation. The MRI protocol con-
tained scouts, sagittal T1-weighted spin echo, and coronal
T2-weighted turbo spin echo for planning purposes and coro-
nal as well as axial CISS studies. 3D-CISS is a heavily weighted
T2 sequence with a strong and constant signal for cerebrospi-
nal fluid. Two experienced neuroradiologists reviewed the
studies by consensus. The quality of the studies was graded as
good when resolution enabled clear discrimination of ventral
and dorsal nerve roots in the intraspinal course at all cervical
levels and as sufficient when resolution was just sufficient,
despite slight (motion) artifacts, to allow interpretation of

ventral and dorsal roots at levels C5–T1. If a study could not
be interpreted at one or more cervical levels, it was qualified
as insufficient. A spinal root was defined as avulsed when root
shadows could not be identified on both axial and coronal
images or could not be traced continuously from the spinal
cord to the exit foramen, regardless of the presence of pseudo-
meningoceles. Predictions of root avulsions, intact intraspinal
roots, or doubtful continuity and report of the affected cervical
levels were correlated with operative findings.

Electrodiagnostics

Preoperative electromyographic (EMG) screening was per-
formed with concentric needle electrodes in all patients. Sev-

TABLE 2. Operative findings, plexus reconstruction, and results of three-dimensional constructive interference in steady-state magnetic resonance imaging,
electromyographic, and somatosensory evoked potentials in Group 4 dominant C7 lesions (n � 10)a

Patient C7 operative finding
C5/C6/
Tr. Sup.

Age at
Operation (mo)

Reconstruction

3D CISS MRI

Pseudocele
C7

Root shadows
coronal

Root shadows
axial

Predicted
avulsion C7

1 Avulsed, attached to
superior trunk

Neuroma 6 C5–C7
C6–posterior cord
C6–posterior cord
C6–lateral cord
N XI–suprascapular N.

Yes/small Absent Inadequate Yesb

2 Avulsed Normal 4 N XI–C7 motor branch
C4 sens–C7 sensory
branch

Yes Present, not
continuous

Present, not
continuous

Yes

3 Avulsed LIC 6 N XI–C7 motor branch
C4 sens–C7 sensory
branch
Superior trunk: neurolysis

No Absent Absent Yes

4 Avulsed, ganglion in
foramen C7

LIC 7.5 N XI–C7 motor branch
C4 sens–C7 sensory
branch

Yes Absent Absent Yesb

5 Avulsed, proximal
stumps, ingrowth in
C8

LIC/
normal

7 N XI–medial trunk
(triceps reactive fascicle),
distal from ingrowth in
C8

Yes Absent Absent Yes

6 Thin C7, doubtful
avulsion

Normal 7 N XI–medial trunk
(triceps reactive fascicle)

Yes Present, not
continuous

Present, not
continuous

Doubtful

7 No operation Late spontaneous
recovery

Yes Absent Absent Yes

8 Intact C7, normal C7
function, no active
shoulder exorotation

Normal 13 Late operation and
inspection C7
N XI–suprascapular nerve

No Present Present No

9 No operation Spontaneous recovery Yes Anterior present
Posterior doubtful

Anterior present
Posterior doubtful

Partial

10 Continuous root in
foramen, doubtful
avulsion

LIC 5 N XI–C7 (non–SEP-
reactive part)

Yes Absent Absent Yes
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eral muscles were investigated, depending on the extent of
muscle weakness. Signs of denervation looked for were fibril-
lation potentials at rest. During voluntary contraction, the
shapes and amplitudes of motor unit potentials were identi-
fied if possible. In addition, an estimation was made of the
maximal recruitment pattern. Because these studies were not
performed according to a fixed protocol and because of the
lack of cooperation of small infants, only the presence of
fibrillation potentials as a sign of denervation on the needle
EMG study at rest was used.

Preoperative somatosensory evoked potentials (SSEPs) from
both median nerves were recorded with surface electrodes in the

neck at the level of C7 and at
the cranium over postcentral
regions (reference at Fz). No
sedation was administered.
With a stimulus rate of 4 Hz, 2
� 500 responses were aver-
aged. SSEPs were scored as
normal when they were
present and symmetrical and
as absent when they were not
reproducible. Those SSEPs
that were more than 50%
lower in amplitude compared
with the contralateral side
were scored as low amplitude,
indicating axonal loss.

Intraoperative SSEPs
were recorded in the eight
patients operated on with
surface electrodes from the
level of C7 in the neck and
the contralateral postcentral
region, with a common ref-
erence at the forehead (Fz).
Direct root stimulation was
performed with bipolar
hook electrodes using
square impulses (1- to
10-mA constant current,
0.04-ms duration, 1.5 Hz).
Anesthetics that interfere
with monitoring, such as in-
halation anesthetics, were
avoided, and only intrave-
nous ketamine and propofol
were used. No muscle relax-
ants were used. SSEPs from
the contralateral median
nerve were routinely per-
formed as a control. After
electrical stimulation of spi-
nal nerves, motor reactions
were observed, located, and
palpated in the muscles of

the affected extremity during operations and subsequently
noted.

Operation

In all children operated on, the supraclavicular brachial plexus
was exposed through an incision parallel to the clavicula. A root
avulsion of C7 was evident when a spinal ganglion was recog-
nized (Fig. 1B) or verified by intraoperative histology. A neuroma
in C7 or the medial trunk theoretically excluded a complete
preganglionic lesion, because this is formed only when the re-
generative capacity of the nerve is preserved. Proximal continu-

TABLE 2. Continued

EMG denervation at rest SSEP

Triceps
Forearm
extensor

Biceps
Preoperative

median N SSEP
Intraoperative C7 SSEP

C7 motor reaction

� � � Low amplitude Present
Triceps

�/� �/� � Normal Absent
No

� � � Absent Absent
No

� � � Absent Absent
Pectoral

� � � Normal Present
Triceps and pectoral

� � � Normal Present
Triceps

� � � Absent N.i.

� � � Normal Present
Triceps

� � � Normal N.i.

� � � Low amplitude Present
No

a 3D CISS MRI, three-dimensional constructive interference in steady-state magnetic resonance imaging; EMG, electromyography; SSEP,
somatosensory evoked potentials; LIC, lesion in continuity; N XI, accessory nerve; N, Nerve; N.i., not investigated; Sens, sensory; Tr. Sup.,
truncus superior.
b MRI studies of sufficient quality. EMG (�), no denervation; EMG (�), sole denervation; EMG (�/�), denervation in combination with
reinnervation or voluntary activity.
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ity was doubted when an intraforaminal, seemingly intact root
was thin and pale and did not show a neuroma or spinal gan-
glion. Findings at other levels were recorded. Reconstructions
were individually tailored accordingly.

RESULTS

Patients

In 10 patients with a dominant C7 lesion and insufficient
spontaneous recovery, ancillary investigations were performed

at a mean age of 5.5 months
(range, 3.5–7 mo) (Table 2).
Seven children were operated
on for the typical C7 palsy at a
mean age of 6.0 months
(range, 4–7.5 mo). However,
three patients showed slow
spontaneous recovery, of
which two were not operated
on, whereas the third child
underwent late plexus sur-
gery at 13 months for lack of
active shoulder exorotation
not related to C7 pathology
but with inspection of the C7
root.

Imaging

The quality of 10 3D-CISS
MRI studies was good in 8
and sufficient, because of
some motion artifacts, in 2
(Table 2, Patients 1 and 4). In
the coronal images, the cere-
brospinal fluid (CSF) signal is
more homogeneous, probably
because CSF flow occurs
within the imaging slab, en-
abling more complete dis-
crimination of root shadows
over their entire intradural
length. Examples showing the
quality of the studies are presented in Figures 2, 3, and 4.

Of the eight patients operated on, on the basis of the MRI,
avulsions were predicted in six patients (Table 2, Patients 1–5
and 10), of whom five (Patients 1–5) (Table 3) were confirmed
intraoperatively by demonstration of a dorsal root ganglion
(Fig. 1B). Root continuity was predicted and confirmed in one
(Patient 8). In two children, a predicted doubtful continuity

FIGURE 2. Patient 8. 3D CISS MRI scan, coronal view at the level of
(A) the anterior roots and (B) the posterior roots (outlined areas), show-
ing continuity of roots and discrimination of rootlets in a child who recov-
ered spontaneously with a dominant C7 lesion.

FIGURE 3. Patient 2. A, 3D CISS
MRI scan, axial view at spinal level of
C7 roots. Pseudomeningocele with in-
terrupted root shadows, in the case of
a C7 root avulsion on the right side.
Root shadows on the nonaffected side
are clearly visible (oval). B, coronal
view in the same patient showing the
level of the anterior roots and a
pseudomeningocele at C7 (oval), in
which root shadows cannot be dis-
criminated. C, coronal view at the
level of the posterior roots. In the
pseudomeningocele, a possible stump
of the avulsed root can be discrimi-
nated in the pseudomeningocele (hy-
podense structure).
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(Patient 6) and an avulsion (Patient 10) could not be con-
firmed, because doubt about the continuity of the C7 root
remained even after intraoperative inspection. Assuming that
the C7 roots were not avulsed in the two remaining children,
who recovered spontaneously and thus were not operated on,
then prediction of root continuity was right in one and wrong,
because avulsion was predicted, in the other.

Electrodiagnostics

In preoperative EMG studies (Tables 2 and 4), denervation
signs in the triceps muscle and/or extensors of the forearm
were absent in the five patients in which avulsion of C7 was
confirmed at operation. One infant (Patient 6) with doubtful
avulsion on the MRI scan but a seemingly intact root intraop-
eratively showed complete denervation. The preoperative
EMG study of the biceps muscle showed voluntary activity in
all children. SSEPs from the ipsilateral median nerve were
absent in three children (Tables 2 and 4). One eventually
showed full spontaneous recovery; the other two had avul-
sions of C7 and lesions in continuity of the superior trunk.

Intraoperative direct SSEPs from C7 roots in the operative
patients showed five positive recordings, even in two con-
firmed avulsions (Patients 1 and 5) (Tables 2 and 5). Direct
electrical stimulation of C7 roots provoked motor reactions in
the triceps and/or pectoral muscles in five children, even in
three infants with avulsed C7 roots. Motor reaction was absent
in two patients with proven avulsion of C7 (Tables 2 and 5).

Operative Findings

Clear avulsions with extraforaminally retracted spinal gan-
glia were confirmed at operation in five patients. Continuity
was confirmed in one patient (Patient 8) but remained doubt-
ful in two patients (Patients 6 and 10), in whom C7 roots
seemed to be continuous within the foramen but were thin
and pale. Two cases could not be verified because of conser-
vative treatment. Roots at other levels did not clearly show
preganglionic lesions. Depending on the clinical picture and
the lesions found in other parts of the plexus, reconstructions
were individually tailored (Table 2).

DISCUSSION

The application of the 3D CISS MRI technique in OBPLs
provides high-quality diagnostic imaging in the preoperative
diagnosis of root avulsions in infants as exemplified for the
severe dominant C7 lesion. However, in the case of OBPLs, this
new technique cannot be verified by direct intraoperative intra-
dural visual confirmation of root avulsion. Therefore, it is still the
practice to add electrophysiological assessment, which is pre-
sumed to predict preganglionic spinal root integrity more
reliably.

Although the described ancillary investigations are performed
when indicated in all groups of OBPL patients, the interpretation
of these investigations into cause and effect of a clinical presen-
tation remains very complex, because it is hardly ever possible to

deduce symptoms and pathological findings to just one root (12,
22). Anatomically, the C7 root is the only root not joined by
another spinal nerve at the truncal level but runs a single supra-
clavicular course as the medial trunk to contribute distally pri-
marily to the posterior division. Neuroma formation in this tra-
jectory means preserved regenerative capacity of the damaged
nerve and theoretically excludes a complete preganglionic lesion
(25). The clinical picture of this subtotal plexus lesion is domi-
nated by a paralysis of primarily C7 innervated muscles (shoul-
der adductors, triceps muscle, and forearm extensors) (Fig. 1A)
associated with incomplete lesions and functional deficits of at
least the neighboring roots C6 and C8, which, to different de-
grees, do functionally overlap with C7. Lesions of these roots are
such that compensatory innervation is lost or functionally inad-
equate, causing the typical clinical dominant C7 entity (8). Be-
cause of these exclusive clinical and anatomic characteristics and
the small size of the group, which lends itself more easily to
analysis, we selected to study those patients with an infrequent
dominant C7 lesion.

Imaging

Although there is widespread experience with CT myelog-
raphy in imaging of cervical roots in OBPLs, a “gold standard”
is still lacking. Disadvantages of CT myelography are the need
for anesthesia, intrathecal contrast application, and radiation.
Several shortcomings of CT myelography are also well known
(3, 6, 14, 21, 24). In CT myelography, contrast-filled pseudo-
meningoceles, subarachnoid space deformity, or missing root
shadows are associated with root avulsions but do occur with-
out or may even be lacking in surgically confirmed avulsions.
As yet, CT myelography is reported to be conclusive when
relevant root shadows can be traced without interruption from
the spinal cord to the foramina (6).

3D CISS MRI

MRI studies avoid radiation, are noninvasive, can be per-
formed under mild sedation, are less time-consuming, do not
demand anesthesia personnel, and may thus be more cost-
effective. Nevertheless, introduction of a new technique im-
plies a learning curve for different aspects regarding both
technique and interpretation. Despite two minor motion arti-
facts in our 10 studies, because of slightly too mild sedation,
the quality of the studies was good, with images available in
the axial and coronal planes. Among eight operative patients,
the prediction of root continuity was consistent with the op-
erative findings in six, whereas two remained doubtful. In one
patient who recovered and therefore was not operated on, a
predicted avulsion would have possibly been incorrect. If in
this patient the C7 root had indeed been avulsed, recovery
could be explained by reinnervation by adherence to and
collateral sprouting from adjacent roots or nearly complete
functional overlap of one or more neighboring roots.

At the cervicothoracic level (roots C8), especially in axial stud-
ies, it is sometimes difficult to create such a homogeneous CSF
signal that it does not interfere with intradural root images. The
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quality of coronal imaging is more consistent, probably because
in this plane, CSF pulsations do not interfere with the magnetic
spin stream, because spins remain within the imaging slab. In
this plane, root shadows can be discriminated over their entire
intradural length. Precise imaging of the extraforaminal brachial
plexus itself in OBPLs requires scanning times of at least half an
hour and therefore poses problems in maintaining protocols with
only mild sedation (2).

Electrodiagnostics

There are serious doubts about the value of EMG studies in
infants with OBPLs (10, 17, 21). A severe clinical picture is often
in contradiction to optimistic EMG findings with motor unit
potentials suggesting functional innervation (20, 21, 23). In this
small selected group, not all data were concordant, for obvious
reasons. Furthermore, the EMG studies were performed by sev-
eral investigators, and of all parameters, only denervation was
used. In the dominant C7 lesion, we found persisting signs of
denervation, in flaccid or weak triceps muscle or forearm exten-
sors, at approximately 5 months of age in 3 of 10 children stud-

ied. This would support the explanation of the appearance in
other OBPL groups of so-called inactive motor unit potentials by
the concept of polyneural luxury innervation (20, 21, 23). In the
dominant C7 lesion, persistent signs of denervation may support
the suspicion of a C7 root avulsion or severe nonregenerating
neurotmesis, contradicting this concept.

Intraoperative SSEPs, when recorded cervically and cortically,
are not diagnostic by themselves but can be useful, when com-
bined with other data, such as preoperative imaging and direct
inspection, to form a basis for operative decisions. Although
SSEPs may indicate at least partial integrity of dorsal roots, they
do not provide any information on the quality and regenerative
capacity of the nerve root. Even a clearly avulsed root may show
false-positive, reproducible SSEPs. It happens that the proximal
stump or the more distal part of an avulsed root will adhere to an
adjacent, incompletely damaged root from which sprouting ax-
ons may reinnervate the avulsed root. This was observed in two
patients who were operated on and may be an explanation for
one late spontaneous recovery in which the MRI scan failed to
show root shadows of C7. False-positive SSEP recordings may
also be caused by EMG artifacts from paraspinal cervical muscles
without muscle relaxation or by costimulating a contributing
branch of the long thoracic nerve at C7 close to its foramen,
which forms from branches of multiple spinal nerves at levels
close to the foramina. A false-negative response could be caused
by inadequate anesthesia (16), technical problems, or at least
partially intact but nonconducting intraspinal roots (13).

The functional integrity of an anterior motor root cannot be
monitored by SSEP. However, Oberle et al. (13) reported on
direct root stimulation close to the foramen and evoked po-
tentials before and after muscle relaxation. Potentials that
disappear after muscle relaxation are evoked motor action
potentials of spinal muscles. The absence of evoked motor
action potentials showed a 100% sensitivity for anterior root
lesions as confirmed by intradural inspection in adult patients.
This new technique is not yet described in OBPLs.

The observation of obvious motor reactions in three patients
after stimulation of clearly avulsed C7 roots is puzzling. At the
time of operation, complete wallerian degeneration should have
excluded conduction in motor axons of the C7 myotome. In one
patient, the spinal ganglion C7 was encountered very proximal

in the foramen and was cut
even more proximally. If this
was a rupture or elongation of
especially the anterior rootlets
and not an avulsion, some re-
innervation may have been re-
sponsible for the observed mo-
tor reactions. In another child,
the proximal stumps of the
motor and sensory branches
were found to be adhered to
the side of the C8 root, from
which collateral sprouting
may have caused some regen-
eration. The third patient

FIGURE 4. Patient 3. 3D CISS MRI scan, axial view. Clear root shad-
ows on nonaffected side (square) and missing root shadows on affected
side in absence of a pseudomeningocele. Stumps of anterior and posterior
roots with possible recoil (ovals).

TABLE 3. Three-dimensional constructive interference in steady-state magnetic resonance imaging
versus operative or presumed findings in 10 patients with a dominant C7 root lesiona

Operative finding: 3D
CISS MRI

Avulsion of C7
spinal ganglion

Intact root C7 Doubtful continuity
C7Operated on Not operated on

Predicted avulsion C7 5 1b 1

Predicted continuity C7 1 1b

Doubtful continuity C7 1

a 3D CISS MRI, three-dimensional constructive interference in steady-state magnetic resonance imaging.
b Two patients showed spontaneous recovery and were not operated on but were presumed to have intact C7 roots.
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showed adherence of the C7 root just distal to the spinal ganglion
beside a lesion in continuity with the superior trunk, possibly
allowing axonal sprouting toward C7. The stimulation pulse, at
the ganglion level, may have been applied too close to the ad-
herence site, bypassing the nonconducting degenerated proximal
part.

Cortical motor evoked potentials monitored at spinal roots
could add information on the integrity of anterior roots; how-
ever, special expertise in infants is required. As is the case in
SSEPs, even motor evoked potential-positive recordings
would not supply information on the quality, regenerative
capacity, and amount of residual rootlets in continuity with
their respective root entry zones (19).

Some neurosurgeons prefer directly recorded nerve action po-
tentials by stimulating close to a foramen and record more dis-
tally (1, 9). A flat trace is indicative of a complete postganglionic

lesion. A preganglionic lesion,
in which the sensory nerve
still conducts, will show a high
amplitude and rapid conduc-
tion (50–70 m/s). An intact
and regenerating nerve would
show small amplitudes and
low velocity. We did not per-
form nerve action potentials
because of expected problems
in recording signals in the
very short (1.5–2.5 cm) supra-
clavicular plexus structures in
infants.

Operation

To expose root avulsions,
hemilaminectomy and direct
inspection of root entry zones
at the spinal cord are still the
only way to verify root integ-
rity (3, 14). Any imaging or
electrophysiological technique

lacking this control therefore cannot be studied conclusively.
Even when performed in adult trauma patients, intradural con-
tinuous roots, which are thickened or electrophysiologically non-
conducting, are encountered, with doubtful regenerative capac-
ity (13). In infants, direct root inspection by (hemi)laminectomy is
not performed because of its possible negative effects on the
growing cervical spine (15). Next best, therefore, is to rely on
intraoperative proof of clearly avulsed spinal nerves with which
to correlate imaging techniques and ancillary investigations. Im-
aging and electrophysiology studies are performed routinely in
all our infants with severe OBPLs that meet the criteria for
operation. Already in the small Group IV dominant C7 lesion,
which is assumed to be most suited to focus investigations on
only one root, the shortcomings of advanced diagnostic tools are
obvious. In only one of eight patients operated on (Patient 2), the
combination of MRI prediction, signs of denervation in the EMG

TABLE 4. Preoperative denervation in triceps and/or extensors forearm, median nerve somatosensory evoked potentials versus operative
findings in 10 obstetric brachial plexus lesion patients with a dominant C7 lesiona

Operative finding:
neurophysiology

Avulsion of C7
(n � 5)

Intact root C7
(n � 1)

Doubtful
continuity C7

(n � 2)

Spontaneous
recovery (n.o.)

(n � 2)

Total
investigated

Denervation triceps and/or
extensor digitorum

1 1 1 0 10

SSEP median nerve present 3 1 2 1b 10

SSEP median nerve absent 2 1b

a SSEP, somatosensory evoked potentials.
b Two patients showed spontaneous recovery and were not operated on (n.o.).

TABLE 5. Intraoperative C7 root somatosensory evoked potentials and motor reactions versus
operative findings in 8 obstetric brachial plexus lesion patients with a dominant C7 lesiona

Operative finding: SSEP/motor reaction
Avulsion of C7

(n � 5)
Intact root C7

(n � 1)

Doubtful
continuity C7

(n � 2)

No SSEP 3

Present SSEP 2 1 2

No SSEP and no motor reaction 2

No SSEP and motor reaction of triceps and/or
pectoral muscle

1

SSEP and motor reaction 2 1 1

SSEP and no motor reaction 1

No SSEP and no motor reaction � MRI-
predicted avulsion

1

a SSEP, somatosensory evoked potentials; MRI, magnetic resonance imaging.
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studies, absent motor reaction on direct stimulation of the
avulsed C7 root, and absent intraoperative SSEP were consistent
with theoretical expectations in the case of a root avulsion.

If, during operation, there is persistent doubt regarding intraspi-
nal continuity or quality of a nerve root, it is advised to consider the
root as most probably avulsed. In tailoring the plexus reconstruc-
tion, the questionable root can be included in a repair not as a main
but merely as a potential source of participating axons.

CONCLUSIONS

Even in the small Group IV dominant C7 lesion, which is
assumed to be best suited to focus investigations on only one
root, the shortcomings of advanced diagnostic tools remain
obvious. In the other, larger OBPL groups with multilevel root
pathological findings and more functional overlap, these
shortcomings become even more accentuated. With the new
3D CISS MRI technique described, excellent imaging quality
helps to delineate the lesions and tends to be a reliable tool to
predict avulsions, although the precise diagnosis of cervical
root continuity or avulsion in OBPLs is still not possible as
long as there is no direct operative intradural visual control of
roots and root entry sites at the spinal cord. The combination
with conventional electrophysiological investigations has re-
stricted value in the clinical decision making in obstetric bra-
chial plexus surgery. However, recently reported new electro-
physiological techniques might be more promising.
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COMMENTS

Ouwerkerk et al. have evaluated a new magnetic resonance im-
aging sequence, three-dimensional constructive interference in

steady-state magnetic resonance imaging (3D-CISS MRI) for its use in
predicting nerve root avulsions in infants with obstetric brachial
plexus lesions. They have limited their analysis to the Narakas Group
4-Dominant C7 clinical spectrum and report on 10 infants from a pool
of 490 infants who presented and were examined between 1995 and
2003 at the Vrije Universiteit University Medical Center in Amster-
dam. Using this technique in this select group of infants, the authors
are able to substantiate C7 root avulsion in six out of eight patients.

The need to know which roots are avulsed is important, as incor-
poration of an avulsed root in a repair will result in no benefit to the
patient. At Louisiana State University, we have used nerve action
potential (NAP) recordings to assist in this determination (3). With
appropriately sized electrodes and adequate exposure, NAPs can be
elicited. If a fast conducting NAP is recorded, this is a preganglionic
potential and indicative of root avulsion. A flat tracing suggests a
postganglionic injury, but often injuries may be both pre- and post-
ganglionic (2). If a root cannot be proved avulsed by either radio-
graphic or NAP recordings and it has reasonable architecture at the
time of operation, I would include it in the repair. This is in contrast
to the recommendations of the authors.

Their article further illustrates the difficulty in proving that a given
element is nonfunctional. Even direct stimulation of proven avulsed
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roots elicited distal contractions, demonstrating that aberrant regen-
eration and undisclosed anatomy, may conspire to surprise even the
most experienced operators. The combination of all information (both
radiological and electrodiagnostic) was only valid in one out of eight
patients. This is not surprising given the nature of the C7 root. The C7
root, although easier to evaluate given its simplicity as both a spinal
nerve root and middle trunk, is still a difficult root to isolate both
clinically and electrodiagnostically. Kline (2) showed in his analysis of
upper trunk injuries that 30% demonstrated at the time of operation
complete C7 loss of function but clinically triceps and wrist extension
was intact. The fact that contralateral C7 root is sometimes used for
repair in infants also attests to its relatively silent nature.

At present, there is no single sure method to prove root avulsion
except hemilaminectomy, and this is usually judged extreme in the
treatment of brachial plexus injuries and is certainly not applicable to
infants as the authors correctly point out (1). Still, the 3D-CISS MRI and
future sequences may prove adequate in some patients to further reduce
the need for postmyelo computed tomographic scans. This article sug-
gests that it is useful in the imaging of infants, but clearly does not prove
that it is superior at this time. This is a point sometimes missed with the
enthusiasm for new technology and more convenient noninvasive stud-
ies. Most current magnetic resonance imaging scans performed for the
evaluation of brachial plexus injury which are referred to our center at
Louisiana State University are nondiagnostic studies. One well done
oblique myelogram performed with adequate dye concentration still is
superior to a stack of well intentioned but useless magnetic resonance
imaging studies presently available at most institutions.

Robert L. Tiel
New Orleans, Louisiana
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This article reports the correlation between 3D-CISS MRI studies of the
C7 spinal nerve roots in infants with stretch injuries to the brachial

plexus with clinical, electrophysiological, and intraoperative findings.
These particular patients had a severe dominant injury of the C7 root,
and the authors were attempting to determine whether or not the root
had been avulsed, a crucial determination in terms of how the root is
repaired and the ultimate success of surgery. In eight out of 10 patients,
the correlation of the magnetic resonance findings with the status of the
root, as could best be determined, was accurate. The technique seems to
provide fairly good images of the anterior and posterior roots.

The authors have made a good attempt to correlate the magnetic
resonance images with other correlates of the status of the roots of the
brachial plexus in these patients. Unfortunately, as they point out, there
is no gold standard of the determination of root continuity, other than
laminotomy. The other constellation of findings which they attempt to
use, particularly the presence of a dorsal root ganglion beyond the
foramen, are, however, not absolute. Surgeons are particularly interested
in the status of the motor root, and as the authors describe the presence
of denervation, motor conduction, and the absence of proximal somato-
sensory evoked potential (SSEP) conduction do not determine this. It
may also be possible to have an avulsed sensory root and intact motor

root, although this is admittedly rare. The C7 root has variable innerva-
tion, and infants have remarkable reinnervation patterns which some-
times confound the electrophysiological findings.

3D-CISS MRI seems to have reasonable resolution of the C7 anterior
and posterior rootlets in this select group of infants with stretch
injuries to the brachial plexus. Even with larger experience and im-
proved magnetic resonance imaging, surgeons will need to continue
to synthesize the clinical picture, imaging, electrodiagnostic studies,
and operative findings into clinical and surgical decision making.

James M. Drake
Toronto, Ontario, Canada

The authors present their experience with 3D-CISS MRI and elec-
trophysiological tests (e.g., electromyelography [EMG] and SSEP)

in the management of severe dominant C7 OBPL. The authors note
that it is difficult to diagnose nerve root avulsion in infants with
brachial plexus injuries and it is, therefore, difficult to decide which
children will require surgery and which will not. A noninvasive test
that predicts whether a root is avulsed or intact may dramatically
affect the management of these injuries. The authors demonstrate that
preoperative EMG and SSEP, as well as intraoperative SSEP, are not
predictive for nerve root avulsion.

However, 3D-CISS MRI may divulge avulsion preoperatively. In
eight out of 10 patients, prediction of root continuity was consistent
with findings at surgery, and two remained doubtful. False positive
and false negative results were evident. The authors conclude that
conventional electrophysiological tests have restricted value in diag-
nosing root avulsion in this group of patients, while 3D-CISS MRI is
rather reliable at predicting avulsion or nerve in continuity. Most
importantly, the authors note that the precise diagnosis of cervical
root continuity or avulsion in obstetric brachial plexus lesions is still
not possible as long is there is no direct operative intradural visual
control of roots and root entry sites at the spinal cord.

The authors have performed a study on a rare homogeneous group of
patients with severe dominant C7 brachial plexus lesions. The true value of
3D-CISS MRI is still in doubt; only 10 babies were studied, and, therefore, the
significance of the findings remain in question. To conclude that 3D-CISS
MRI is useful and, conversely, that SSEP and EMG have a restrictive value
will have to be reserved until a larger group of patients is evaluated. With
this said, this is a rare condition and it would be difficult to accrue a large
number of patients with this homogeneous condition. The authors at-
tempted to correlate preoperative 3D-CISS MRI, SSEP, EMG, and intraop-
erative SSEP and nerve stimulation to operative findings in those patients
who failed to make spontaneous recovery. This in itself assumes that surgery
is the gold standard for making the diagnosis of root avulsion in this group
of patients. As the authors point out, surgery cannot definitively make the
diagnosis so it is impossible to make the conclusion that an ancillary test is
truly predictive. This again points to a valid weakness of the study, although
it may be difficult to overcome in a larger more comprehensive study.

The results of this preliminary study indicated that a 3D-CISS MRI
that predicted root continuity would not indicate conservative man-
agement, and surgery is still indicated in those that fail to recovery.
Nevertheless, the study is still valuable and shows what may be seen
with this magnetic resonance imaging modality and its shortcomings.
Studying a much larger cohort of patients may permit a more defin-
itive decision of whether this modality is truly predictive and may
prevent unnecessary surgery.

Michael P. Steinmetz
Nicholas M. Boulis
Cleveland, Ohio
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Previously, imaging of the brachial plexus, particularly in infants and
young children, has been poor with low resolution of anatomical

structures and the lack of correlates to the clinical findings. The recent
advances and improvements in neuroimaging, as reported in this study,
have provided new tools for the noninvasive evaluation of pediatric
brachial plexus. 3D-CISS MRI studies were used to evaluate whether
spinal nerve root avulsions following obstetrical brachial plexus injuries
could more reliably be detected; it would be particularly useful if this
type of imaging could assist in avoiding ineffective operative repair of
grossly intact but actually avulsed nerve roots. In this series of 10 children
who experienced severe dominant C-7 lesions, the 3D-CISS MRI findings
in the majority of children were found to be correlative to the preoper-
ative and intraoperative electrodiagnostics, as well as intraoperative an-
atomical findings indicative of avulsion. The 3D-CISS MRI studies were
able to predict the lack of root continuity in eight out of 10 patients. It

remains unclear whether there was any impact on these patients such as
a potential change in operative intervention. Although the high quality
imaging that is now available should provide improved preoperative
information to assist in surgical planning, the ultimate decision to pro-
ceed to surgery continues to rely on the extent of recovery. The surgical
plan is also dependent on the intraoperative findings of functional versus
nonfunctional segments. Obviously, the more information that can be
obtained preoperatively is of interest with regards to the potential oper-
ative findings. This may be of some use in select cases, but the role of
imaging and the impact on surgical intervention of the brachial plexus
still needs to be explored with a larger series and application to other
segments of the plexus.

P. David Adelson
Pittsburgh, Pennsylvania
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