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Background

Intra-operative neurophysiologic monitoring is an impor-
tant clinical tool that provides surgeons with real time
feedback on the integrity of critical neural structures ena-
bling the surgeon to alter the surgical plan if there is a

Abstract

Detecting acute nerve compression using neurophysiologic studies is an important part of the
practice of clinical intra-operative neurophysiology. The goal of this paper was to study the changes
in the compound muscle action potential (CMAP) during acute mechanical compression. This is the
type of injury most likely to occur during surgery. Thus, understanding the changes in the CMAP
during this type of injury will be useful in the detection and prevention using intra-operative
neurophysiologic monitoring.

The model involved compression of the hamster sciatic nerve over a region of 1.3 mm with
pressures up to 2000 mmHg for times on the order of 3 minutes. In this model CMAP amplitude
dropped to 50% of its baseline value when a pressure of roughly 1000 mmHg is applied while, at
the same time, nerve conduction velocities decline by only 5%. The ability to detect statistically
significant changes in the CMAP at low force levels using other descriptors of the CMAP including
duration, latency variation, etc alone or in conjunction with amplitude and velocity measures was
investigated. However, these other parameters did not allow for earlier detection of significant
changes.

This study focused on a model in which nerve injury on a short time scale is purely mechanical in
origin. It demonstrated that a pure compression injury produced large changes in CMAP amplitude
prior to large changes in conduction velocity. On the other hand, ischemic and stretch injuries are
associated with larger changes in conduction velocity for a given value of CMAP amplitude
reduction.

warning of impending neurologic injury [1,2]. One partic-
ular application involves stimulating a nerve proximally
while continuously recording compound muscle action
potentials (CMAP's) during a surgical procedure that
places the nerve at risk. For this application, it is critical to
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understand the physiology of nerve injuries occurring
over seconds to minutes. Although the interest in the
physiology of hyperacute nerve injury is relatively new,
there has been much study into the changes in peripheral
nerve conduction during compression beginning with the
pioneering studies of Erlanger and Gasser [3]. Despite
these early physiologic studies, most prior work in the
reaction of peripheral nerve to injury has been related to
chronic or subacute injury either by imaging [4-7], clinical
or chronic neurophysiology [8]. A few studies [9-12]
beginning with Causey and Palmer [11] have investigated
the neurophysiologic effects of compression over shorter
time scales. Only one of the above studies has monitored
the CMAP and evaluated changes over the period of sec-
onds important for neurophysiologic monitoring [11]. In
that particular study, however, only CMAP amplitudes
were measured and not changes in the shape of the CMAP
or its latency which are also critical components of neuro-
physiologic monitoring.

The goal of this paper was to study in detail the changes in
the CMAP, reflecting the function of axons of alpha motor
neurons, during hyperacute nerve injury. In particular,
conduction velocities, CMAP amplitudes, CMAP dura-
tion, and the shape of the CMAP were all be studied as
well as the presence of spontaneous electromyographic
(EMQG) activity.

Methods

Use of animals

Under a protocol approved by the Weis Research Center
IACUC (#173-06) 16 sciatic nerves from 10 normal male
golden Syrian (F1-B) hamsters were analyzed. Hamsters
were purchased from BioBreeders (Watertown, MA).
These hamsters have a relatively large body size and can
withstand surgical procedures well. All studies were per-
formed under pentobarbital anesthesia (90 mg/kg admin-
istered by intraperitoneal injection).

Recording the CMAP

Recordings of the CMAP were made from the platinum
subdermal needle electrodes (Model E2-48, Astro-Med,
Inc., West Warwick, RI) placed in the muscles of the hind
paw. The sciatic nerve was stimulated proximally at the
spine using similar subdermal needle electrodes placed in
tripolar fashion with 2 mm separation between the elec-
trodes. Stimulation was accomplished with a Grass S88
stimulator connected to a Grass PSIU6 current isolation
unit. Stimulation was increased in the range of 2-15 mA
to assure supramaximal stimulation at the beginning of
the experiment. The duration of each stimulus was chosen
as 0.01 msec.

The signal from the recording electrodes was amplified by
Grass Model 8 amplifiers (Astro-Med, Inc., West Warwick,
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RI) with the high frequency filter set at 10 kHz and the low
frequency filter set at 0.3 Hz. The sensitivity was 300 uV/
mm. Continuous recordings of spontaneous muscle activ-
ity were amplified and directed to a loudspeaker so that
spontaneous electromyographic activity could be docu-
mented. The signal was digitized using a PCI-6031E 64
channel, 16 bit, 100 kHz data acquisition card (National
Instruments, Austin, TX). Stimulation was performed at a
rate of 5/sec and the average of 20 traces was computed
prior to saving the response. This number of averages was
chosen as a compromise between the noise reduction
associated with additional averaging and the problems of
jitter related distortions in waveform and reduced tempo-
ral resolution for changes in CMAP characteristics associ-
ated with averaging. Thus, CMAP's were recorded every 4
seconds.

The recordings of the CMAP's were integrated with contin-
uous measurements of the hamster's rectal temperature as
well as the output of a Shipmo DFS-1 force gauge
(Shimpo Instruments, Itasca, IL) with a measurement
accuracy of 0.1 g. Software (Measurement Studio from
National Instruments) was used to record annotations in
synchrony with the CMAP recordings and enabled both
manual and automatic marking of the CMAP's.

After dissection of the sciatic nerve, a thin metal rod (1.5
mm diameter) was placed under the nerve and secured.
Standard 1.3 mm wide vascular loops were wrapped
around the nerve as shown in Figure 1 in order to cause
compression of the nerve as tension was applied to the
vascular loops. This scheme mimics some types of injury
that might be seen during surgical procedures such as a
clip being placed on a nerve, an instrument inadvertently
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Basic setup for the nerve compression study.
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pushing against a nerve or a nerve being trapped against
another structure by a tie or suture.

The compressive force on the nerve increases gradually
with the tension in the loops. This relationship was meas-
ured directly by using known weights to produce s specific
tension in the vascular loops and then using the force
gauge to measure the smallest force required to lift the vas-
cular loop out of contact with the metal rod. A linear
regression was applied to this data to obtain the approxi-
mate empirical relations:

F(Newtons) = 0.004 * T(g)

P(mmHg)=18.4* T(g) (1)

where T is the tension in the vascular loops as measured
by the force gauge, F is the force on the nerve and P is the
pressure on the nerve. It should be noted that the com-
pressed section of nerve is exposed to atmospheric oxygen
throughout the experiment and is unlikely to become
ischemic

Before recording data, the stimulus intensity was adjusted
to obtain a supramaximal stimulus and the recording and
stimulating electrodes were adjusted to obtain a high
amplitude (>500 xV) response. The baseline condition
began once all adjustments were complete and the
responses were stable. This was followed by compression
of the nerve corresponding to 20 g tension in the loops for
up to 3 minutes (15t compression). The compression was
terminated prior to the 3 minute period if the amplitude
of the CMAP declined more than 50%. This was followed
by a 3 minute recovery period (15trecovery) and compres-
sion to 80 g tension in the loops (2" compression).
Again, compression was followed by a 3 minute recovery
time (2nd recovery). After this, compression on the nerve
was again instituted and increased until the CMAP disap-
peared (3™ compression). This was followed by a 3
minute recovery period (3™ recovery). CMAP's were
recorded continuously during the entire period

Statistical analysis

The term latency always refers to the time delay between
the stimulus and the onset of the CMAP and the term
amplitude refers to the maximum peak to peak ampli-
tude. Computation of conduction velocities assumed a
synaptic delay of 0.5 msec [13]. All computed velocities
were corrected to the values corresponding to 37°C
according to the relation derived from an analysis of base-
line latencies:

LatencYcorrected = Latency* e032*(37-1) (2)
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where T is the rectal temperature at the time of the latency
measurement and the corrected latency is that expected at
37°C.

Four other features of the CMAP are computed, the dura-
tion, the area under the curve (AUC), the mean value of
the CMAP latency and its variance. The duration of the
CMAP is measured as the difference between the time of
the first and last noticeable deflection of the CMAP. Since
the CMAP generally has components above and below
baseline, the area under the curve is computed using
Simpson's rule applied to the absolute value of the CMAP

t

AUC =

J V()| de 3)

where tg,, is the shortest time after stimulation at which
reliable data is available and t,,, is the lastest time for
which a CMAP is present. It is also possible to define the
mean latency of the CMAP, 7, and its standard deviation,
7,, using the square of the CMAP amplitude as a weighting
function:
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In order to facilitate comparisons between the changes in
the CMAP seen during different experiments, it can be
useful to look at the relative variations in these CMAP
descriptors. In order to do this, the mean value of the
parameter during the baseline (pre-compression) state is
computed and the relative values of the parameter
throughout the remainder of the experiment are com-
puted by dividing the actual value of the parameter by its
mean value in the baseline state. Thus, the relative values
of each CMAP parameter begins at 1.

Of interest from the neurophysiologic monitoring stand-
point was a determination of the time at which the first
statistically significant changes in one of the above dis-
cussed CMAP parameters occurred during the experiment.
A simple method to determine this time involved per-
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forming a repeated measures ANOVA in the normalized
variable under study starting with the first two stages of
the experiment (after the baseline) and then adding suc-
cessive stages to the ANOVA until a statistically significant
effect is noted. This successive ANOVA is not the tradi-
tional approach but it accurately reflects the situation that
occurs in neurophysiologic monitoring where all past
data is used to determine if there has been a significant
change up to the point in question. Because of the
assumptions implicit in the ANOVA, similar computa-
tions were also carried out using the Friedman non-para-
metric ANOVA (Statistica, Tulsa, OK). The only difference
between these two analyzes was that the baseline data
from the normalized variables which could not be
included in the parametric ANOVA because of the absence
of variance were included in this analysis which was based
on ranks. In addition, a t-test was used to compare the val-
ues of CMAP parameters when spontaneous EMG activity
is recorded and when it is not. Spearman rank correlations
and linear regression were used as appropriate to deter-
mine whether there were significant relations between
continuous variables. Statistical significance was taken as
p <.05.

Results

The typical changes in the CMAP during compression of a
single nerve are shown in figure 2. Specifically, figure 2A
shows changes in amplitude while figure 2B documents
the corresponding changes in the CMAP onset latency and
duration. This figure illustrates four common findings
during hyperacute nerve compression. First, compression
to 20 g of tension (P = 370 mmHg) leads to very little
acute reduction in CMAP amplitude (~20%, figure 2A)
while compression to 80 g (P = 1470 mmHg) causes sig-
nificant CMAP amplitude reduction (~60%) but only
minimal CMAP latency increases (figure 2B). Second,
there is considerable variation in the CMAP duration but
durations typically drop as the CMAP amplitude declines.
Third, the CMAP amplitude during the recovery period
may exceed that prior to compression. Fourth, at the high
pressure levels (>80 g) used in this study, there are very
rapid responses to compression.

Knowing these general properties, it is useful to look at the
responses in the entire group of studied nerves. The CMAP
amplitude is reduced by 50% for the first time during
compression ata tension T=52.7 g (std 22.7, min 18, max
79) corresponding to a mean pressure of 970 mmHg. The
AUC for the CMAP is strongly correlated with the peak to
peak amplitude. Linear regression of the normalized AUC
on the normalized amplitude yields a slope of 0.95 (+/-
.008) with R2=.74. As expected, the AUC drops to 50% at
atension T=54.4 g (P =1001 mmHg), similar to the ten-
sion at which the CMAP amplitude drops to 50% of base-
line. Figure 3A shows the mean changes in amplitude and
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AUC during each phase of the experiment averaged over
all nerves. The CMAP amplitude and AUC reductions first
reach statistical significance during the phase in which the
nerve is subjected to compression at a tension of 80 g. Fig-
ure 3B shows the mean changes in velocity and duration
of the CMAP during cycles of compression and recovery.
Nerve conduction velocity changes minimally until levels
of compression significant enough to reduce the CMAP
amplitude to less than 20% of its initial value are attained.
Although small, the 5% reduction in conduction velocity
seen during the 80 g compression is statistically signifi-
cant. Figure 3B also confirms the decline in CMAP dura-
tion during compression. There is much variability in this
measure and significant differences are not seen until the
terminal compression phase. Figure 3C demonstrates that
the CMAP onset and mean latency, do not change signifi-
cantly during the early phases of compression. Significant
change is only observed at the terminal compression
phase. Although the latency variance does increase during
compression and decrease during recovery, this effect does
not reach statistical significance until the terminal com-
pression phase. We also investigated whether any combi-
nation of the above parameters show statistically
significant changes earlier in the experiment. These
included products of the primary parameters discussed
earlier in such combinations as amplitude*velocity,
amplitude*velocity*duration, amplitude*velocity* =
However, none of these derived parameters showed statis-
tically significant changes in the CMAP at an earlier point
than either the CMAP amplitude or velocity alone. It
should be noted that similar results were obtained using
both the parametric and non-parametric ANOVA testing.

In all cases where a CMAP was recordable, the maximum
velocity was never less than half of its initial value. In
order to better elucidate the changes in the CMAP, figures
4 and 5 show the normalized CMAP velocity and CMAP
duration respectively from each recorded potential as a
function of the normalized CMAP amplitude. In both of
these cases, no change in the measured parameters greater
than 10% occurs until the CMAP amplitude is reduced by
over 80%. Similar effects of the mean latency and latency
variance are noted.

An examination of the behavior of individual nerves
shows that the CMAP amplitude returns to baseline or
above in 9/16 nerves in the recovery period after the 1st
compression (20 g) while 16/16 achieved amplitudes
>30% of baseline. After the 2nd (80 g) compression, only
4/16 nerves returned to baseline amplitude and 10/16
reached amplitudes greater than 30% of baseline. After
the 31 compression, during which the tension was
adjusted to make the CMAP disappear, 0/14 nerves
achieved an amplitude >30% of baseline during the recov-
ery period. Thus, the ability to recover is better after com-

Page 4 of 9

(page number not for citation purposes)



Journal of Brachial Plexus and Peripheral Nerve Injury 2008, 3:1 http://www.jbppni.com/content/3/1/1

Changes in Onset Latency and
CMAP Duration During Nerve Compression
635 T T T T 20

: {0
i o4
Ti @ {-20
;11 e
L 3
' %

Latency or Duration (msec)
8
Force (gm)

1-60
40
35 190
. S —o— Onset Lat (L)
0 200 400 600 800 1000 1200 i DUeEon ()
_ B -o-- Force (R)
Time (sec) (B)
Changes in CMAP Amplitude
During Merve Compression
1.4 : e . . 20
Baseline First Second Third
Recoyery ~ Recovery Recovery
1.2 S {0
Q
E:
= 10
= 1-20 &
g 5
@ 08 S
= 1-40 F
o =
- 0B @
Q —
N =
= —_— 1-60 %
c 04
o
=
02 -80
o Compiession
0.0 . - - : - 400 _o Ampi
0 200 400 600 800 1000 1200 i =
A) arce
Time (seconds) (

Figure 2

CMAP parameters and nerve compression tension as a function of time during a typical nerve compression experiment. (A)
Changes in CMAP amplitude and CMAP waveform. (B) Changes in CMAP onset latency and duration. In both cases, the applied
force is shown on the right y-axis and the CMAP parameter value on the left y-axis.
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Changes in CMAP Amplitude and Area under
the Curve During Cycles of Compression and Recovery (A)
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Figure 3

(A) Changes in amplitude and area under the curve at various points during the compression and recovery cycles. (B) Changes
in nerve conduction velocity and CMAP duration during the various stages of nerve compression. (C) Changes in CMAP onset
latency, mean latency and latency variance during nerve compression and recovery. The data in this figure represent averages
over all nerves. In each case, the error bars represent 95% confidence intervals or roughly 2 standards errors of the mean

above and below the central value.
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Effect of CMAP Amplitude Reduction During
MNerve Compression on Maximal Velocity
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Figure 4

Changes in relative CMAP velocity as a function of relative
CMAP amplitude. In each case, relative CMAP values are
derived from the raw measured values of that parameter by
dividing the raw values by the mean value of the given param-
eter in the baseline state.

pressions that cause smaller declines in CMAP amplitude.
Despite the minor changes seen in velocity, only 44% of
nerves recovered to equal or better velocity after the 1st
compression at 20 g, 29% after the 2nd compression at 80
g and 0% after the final compression.

In order to determine if the degree of CMAP amplitude
reduction during low level compression predicted the
degree of CMAP reduction with higher level compression,
a Spearman rank correlations is performed. The degree of

Effect of CMAP Amplitude Reduction During
MNerve Compression on CMAP Duration

MNormalized CMAP Duration
]

00 02 04 08 08 1.0 12 14
Normalized CMAP Amplitude

Figure 5
Changes in relative CMAP duration as a function of relative
CMAP amplitude.
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reduction in the CMAP amplitude during the 15t compres-
sion to 20 g is positively and significantly correlated with
the CMAP amplitude during the 2nd compression to 80 g
(Spearman R = 0.5, p < .05) However, there is no signifi-
cant relation between the reduction in amplitude during
the 1st compression and the CMAP amplitude during
recovery from 80 g compression (Spearman R = 0.275, p
>.05). There is also no significant correlation between the
CMAP amplitude reduction during the 1st compression
and CMAP amplitude reduction during the final recovery.
The degree of reduction in velocity during the 15t compres-
sion is positively correlated (Spearman R = 0.77, p < .01)
with the degree of velocity reduction during the 2d com-
pression but not with velocity during the recovery period.
On the other hand, there are positive but statistically
insignificant correlations between the changes in velocity
during the 1st compression to 20 g and the amplitude
reductions during the 2nd compression to 80 g.

Trains of spontaneous EMG activity are more commonly
recorded when the CMAP amplitude is significantly
reduced from baseline. The normalized CMAP amplitude
when there was no spontaneous EMG activity was 0.657
while the mean amplitude was 0.36 when spontaneous
EMG activity was seen (t = -2.65, p < .01, N = 3897). The
CMAP duration was also shorter when spontaneous EMG
was recorded (0.989 vs 0.82 p < .01 t =-2.65, N = 3897)
than when it was not. There was no effect of the rate of
CMAP change on the appearance of spontaneous EMG
activity.

Discussion

This study has demonstrated that the uniform response to
mild to moderate hyperacute nerve compression over very
short distances (1.3 mm) is characterized by marked
reduction in the CMAP amplitude with relatively small
but significant reductions in CMAP velocity. Only at levels
of compression that reduce the CMAP amplitude by more
than 80% are nerve conduction velocities reduced by as
much as 30-50% and the duration of the CMAP markedly
shortened. This reduction in duration could be seen with
preferential loss of either more rapidly or more slowly
conducting axons. However, the concomitant reduction
in nerve conduction velocity suggests that larger axons are
preferentially affected. This conclusion is also supported
by the fact that larger axons are associated with larger
motor units with longer durations so that loss of these
larger axons should produce shorter duration CMAP's by
this mechanism as well. At first, this might seem to con-
flict with the data of Battista and Albans [14] who found
that acute nerve compression over small lengths of nerve
(1 mm) produced injury to slow conducting C fibres
before changes in rapidly conducting myelinated axons,
while compression over larger lengths (1.2 cm) affected
myelinated axons at lower compressions than C fibres.
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Since the CMAP does not probe the slowly conducting C
fibres, the results obtained in this paper refer only to rap-
idly conducting myelinated axons of alpha motor neu-
rons.

It should be noted that the changes in CMAP amplitude
and velocity in this model are very different than those
observed during ischemia or nerve stretch [15]. In both of
these models there are large increases in latency and
reductions in conduction velocity associated with reduc-
tions in CMAP amplitude of less than 50%. For example,
in the stretch model [15], the conduction velocity
decreased 30% when the amplitude was reduced by 50%.
In studies that aimed to investigate the effects of ischemia
on nerve action potential [16], CMAP [17], and evoked
potential [18], it was found that 50% reduction in CMAP
amplitude was sufficient to elicit a 20% reduction in nerve
conduction velocity, which is again larger than seen in this
study. This difference is expected since the region of nerve
that might have abnormal conduction velocity is quite
substantial in both the ischemia and the stretch models
but is tiny in the compression model used in this study.
For example, a 50% reduction in conduction velocity
across the injured region would cause a 50% reduction in
the CMAP conduction velocity if the entire nerve was
involved. If only 5% of the length of the nerve were
involved (as in our study), there would be only a 5%
reduction in the measured conduction velocity. Thus,
when monitoring for acute focal compressions, small
reductions in the conduction velocity can be clinically sig-
nificant even though in clinical diagnostic studies of
chronic injuries such as carpal tunnel or ulnar neuropathy
the criteria for a significant change in conduction velocity
is generally a change of at least 10-20%.

Another finding of interest is that higher pressure levels
are required to produce significant reductions in the
CMAP amplitude when the compression (1000 mmHg) is
applied over only 3 minutes than when the compression
(200 mmHg) is applied over a longer period of 20 min-
utes [11]. This difference is consistent with the observa-
tion made by Dyck [6] that the changes in fasicular area
during compression show a biphasic curve with initial
rapid declines over the first few minutes that were attrib-
uted to expression of endoneurial fluid followed by
slower changes most consistent with the compression of
axonal components. This suggests that over short time
periods the endoneurial fluid may function as a "shock
absorber" that reduces the chance of axonal injury from
compression.

From the clinical standpoint, these results are also signifi-
cant. They provide clinicians with another tool to deter-
mine based on relative amplitude and velocity changes
whether changes in CMAP are due to ischemia or com-
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pression. In addition, it may support the observation of
Quinones-Hinojosa [19] that significant changes in the
transcranial motor evoked potentials (which bear some
similarities to CMAP's recorded after stimulation of motor
axons in the cortical and subcortical areas) are associated
with shortened durations of the recorded CMAP. In this
study, large changes in duration occurred only in the set-
ting of significant compression. However, in the clinical
arena, with the many problems involved in obtaining
high quality recordings, it important and critical to corre-
late the changes in multiple variables simultaneously in
order to confirm the presence and nature of significant
changes in the CMAP. Although, in this study, correla-
tions of changes in multiple variables including the mean
CMAP latency and the CMAP latency variance did not
help detect statistically significant changes at an earlier
point, they would be useful in confirming the presence of
significant changes.

It is also clinically significant that the changes in response
of a nerve to a low level of compression do, to some
extent, predict the response of that same nerve to a larger
compression. This suggests that the possibility that varia-
bility in recorded CMAP amplitudes during a surgical pro-
cedure might be in part a predictor of increased
vulnerability to injury.

One caveat to the use of continuous CMAP recording is
that, although the CMAP is high in amplitude and thus
easy to monitor, changes in the CMAP can be more diffi-
cult to interpret than changes the in the nerve action
potential. This is primarily a result of the complex time-
dependent effects of prolonged stimulation on facilitation
and fatigue at the neuromuscular junction and the muscle
[20,21]. The complexities of these phenomena are evident
in this study. In particular, each experiment was not initi-
ated until the amplitude of the CMAP reached a relatively
stable value after the onset of continuous stimulation.
This occurred over a period of a few minutes and resulted
in a CMAP with an amplitude somewhat less than the
maximal value. During low levels of compression, certain
nerve fibres become temporarily non-conducting so that
some neuromuscular junctions and muscle fibres are not
stimulated. Thus, during the recovery period, when func-
tion in these fibres return, the neuromuscular junctions
have had the opportunity to return toward baseline func-
tion and CMAP amplitudes greater than baseline are
noted. Of course, at higher levels of compression where
nerve fibres are injured to the point where there is no
return of function, this phenomenon is not observed.
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