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Functional blockade of impulse trains
caused by acute nerve compression

Don L. Jewetlt

Function in an injured nerve is completely
lost if axonal conduction cannot vecur. Such
is the case in nerve injuries of the sccond de-
gree or higher in Sunderland’s classification
{sce also Chapter 2)."* With a first degree in-
jury axonal conduction can occur despite
local demyelination {(sce also Chapters 4 and
18). The purpose of this chapter is to indicate
the possibility of even milder forms of injury
that can affect nerve funetion without a his-
tological change—possibly the basis for a
“zero degree” form of injury. The eflects on
axonal function to be described here could
oceur as the result of relatively mild injury,
or they could be the consequence of in-
adequate healing (see “Discussion” at the
end of this chapter).

It is important to realize that rapid, repeti-
tive action potentials place greater physiolog-
ical demands on axons than does the conduc-
tion of a single action potential. The corollary
of this principle is that mildly impaired
axonal function is reflected in the inability of
the axon to transmit action potentials closely
spaced in time: the greater the impairment,
the less the ability to conduct impulses at
high frequencics. In experimental animals it
is easicst to apply repetitive trains of im-
pulses (with differing intratrain frequencies}
as a test of an impairment of axonal conduc-
tion.

The inability of impaired axons to transmit
trains of impulses has been clearly
documented in the case of impairment
caused by localized cooling.>® These exper-
iments can form a model of the impaired axon

undler carefully controlled conditions. The
analogy to nerve injury is reasonable since at
sufficiently  low  temperatures complete

blockage of axonal conduction occurs in both

myelinated!® and unmyelinated® fibers. Fig.
20-1 shows the type of data that can be ob-
tained when a localized area of nerve is
gradually cooled. This figure, taken from
Frunz and Iggo,” shows action potentials re-
corded from a single unmyelinated fiber. Asa
localized area between the stimulating and
recording electrodes is cooled, the ability of
the axon to conduct trains of impulses is im-
paired. The figure has been rearranged to
show the single unit responses with increas-
ing intratrain frequency from left to right and
with decreasing temperature from top to bot-
tom. As can be seen in Fig. 20-1, at normal
temperature the axon is able to conduct all
impulses in the trains at all frequencics up to
the highest shown, 180 Hz. As the nerve is
cooled, the axon loses its ability to transmit at
higher frequencies first, while loweyr fre-
quency trains are unaffected. However, as
axonal conduction is further impaired by the
cold, even the lower train frequencies are al-
fected.

These results, as so far described, are read-
ily intuited. What is surprising is the manner
in which the trains of impulses are affected. It
is to be noted that at the extreme, hefore
complete axonal block, only the first impulse
of the train traverses the cold region, while
the rest of the impulses in the train are
blocked. At lesser degrees of impairment the
first action potential is always conducted;
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Increasing frain frequency =

5/s 10/s 25/s 50/s 180/
St A S i — ——
——33.7
—H—31.1
28.8 —Hif— —ti—28.6
—H—27.0
26.2 —4HH— —H—26.0
24,6 —4—+—
Increasing 22.6 ——o
impairment
E?y cold 21.0
—H—20.7
‘ ——20.5
———20.3
—+HHH-13.6
H—1246
—+—4+++11.0

—+—10.5

Fig. 20-1. Blocking pattern within trains of impulses in nonmyelinated axon (conduction veloc-
itv 0.9 m/sec) stimulated at different frequencies, which are indicated above each column,
Control records with nerve at 37° C are shown in top row; nerve temperatures for other rec-

ords are indicated at start of each trace. Repetitious traces have been omitted. Major time
marks: 100 ms. (Adapted from Franz, D. N., and [ggo, A.: |. Physiol. (Lond.) 99:319. 1968.)

then there can be varying amounts of block of
the remaining portion of the train (Fig. 20-1}.
Paintal'* has offered an cxplanation for this
interesting behavior. Blockade of high fre-
quencies usually would be thought to be due
to an increased refractory period. ITowever,
since this can only block every other impulse
or every third impulse (the so-called alternat-
ing block), it could not explain how only the
first action potential in a train traverses a re-
gion (which will be called “trains block™). The
most probable explanation'® is that the maost
impaired node in the cool region fires an ac-
tion potential with a significantly lower
height when the action potentials are
sufficiently close together, At this decreased
height there is insufficient current to activate
the next node, vet the impaired node con-
tinues to follow the high frequency with simi-
far, small, abortive spikes. Thus, according to
this explanation, it is paradoxical that there
must be a firing, impaired node in order to
block conduction of the latter part of the train
of impulses.

Whatever the explanation, it is certainly
clear that a blockage of nerve impulse trains
(that is, “trains” block) can occur. Such be-
havior would have an extreme effect on the
functioning of either sensory or motor axons
and can account for some of the phenomena
seen with first degree injuries.

The purpose of this chapter is to show that
a blockade of nerve impulse trains can also
occur as a result of impaired conduction from
acute compression of the nerve. The clinical
implications of this result will be described.

METHODS

Cats  were anesthetizved with intra-
peritoneal pentobarbital. A multilevel lum-
bar laminectomy provided intradural access
to the lumbar dorsal rootlets. In the leg
on cither the posterior tibial or peroneal
nerve, two sets of stimulating electrodes and
a compression device were placed with the
spacings shown in Fig. 20-2. All were kept
under the surface of a mineral oil pool held
by skin flaps.
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Lower leg t Intrathecal
1
|
|
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P |
I\_A
& v—d \‘I
+ = + =
st 45 1s5lg151 150 '

Distances (mm)

Fig. 20-2. Diagram of experimental arrangement, showing relationship of stimulating and re-
cording electrodes. P, Balloon compression device, 5 mm long. §,, Distal stimulating elec-
trodes. Action potentials from here must conduct through compressed region. S, Proximal

{control) stimulating electrodes.

Single units in the region of the lumbar
laminectomy were hand-dissected under a
binocular microscope heneath 2 mincral oil
pool. All electrodes were Ag-AgCl. All single
units were identified by their sharp thresh-
old to stimulation (usuafly less than 0.1 volt)
and their uniform spike height (not varying
more than the baseline noise). The com-
pression device was a plastic adapter fitted
over the balloon of a urinary catheter. The
amount of pressure was not measured but
could be inferred physiologically (sec “Re-
sults™),

The arrangement of electrodes (Fig, 20-2)
permitted stimulation of the axon of the
single unit both proximal and distal to the re-
gion of compression, so that control record-
ings from the proximal electrodes could be
obtained. Recordings were taken only from
large myelinated fibers conducting betwecn
30 and 50 m/sce. The temperature in the oil
baths was not controlled, so slowing of con-
duction velocity owing to lowered tempera-
ture undoubtedly occurred.

RESULTS

After cach single unit was identified by a
sharp threshold to increasing stimulus
strength, the stimulus was set to at least 11/2
times the threshold value. Stimulation at the
proximal electrode determined the maximum

frequency that could be transmitted along
the axon up to and including any damaged
region at the recording clectrode. After ap-
plication of pressure, effects on trains of im-
pulses from the distal electrode were not
immediately apparent but were detected
within 10 to 30 minutes. In no case did full
conduction block occur, despite periods of
compression up to 2 hours; thus the pres-
sures applied to the nerve were presumably
less than the 30 to 300 mm Hg pressure range
over which conduction block has been found
to occur in mammalian nerves.

The effect of compression was to decrease
the ability of the axon to conduct high-
frequency impulse trains, For example, in
Fig. 20-3 there is a conducted action poten-
tial for cach distal stimulus at rates up to 133
Hz. At afrequency of 165 Hz, some impulses
after the fourth are missing from the train. At
295 Hz only the first and third impulses in
the train traverse the compressed region, and
at 360 Hz only the first impulse in the train is
conducted. However, at that time the first 12
impulses at 360 Hz were conducted over the
nerve proximal to the compression. The dif-
ference between the proximal and  distal
stimulations indicates the degree of conduc-
tion impairment cansed by compression be-
tween the pairs of stimulating electrodes. The
inability to transmit all the proximal stimuli is
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probably related to mechanical injury near
the recording electrodes owing to the nerve
splitting necessary to record the single unit.

Fig. 20-3 also demonstrates that there can
be a mixture of both trains block and alternat-
ing block at some train frequencies, as shown
in the second, third, and fourth tracings from
the top.

The development of the inipulse blockade
during continuous application of pressure is
shown in Fig. 20-4. After only 3 minutes of
pressure, the stimulation at the distal elec-
trodes could transmit at least nine consccu-
tive impulses at 340 Hz. After 22 minutes of
pressure only four impulses were transmitted
before alternating block occurred (spike
height is down as a result of changed condi-
tions at the recording electrodes). However,
at nearly the same time {third tracing) the
compressed axon was still capable of trans-
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mitting each impulse at 260 Hz. However,
after another 16 minutes the axon could not
transmit all impulses at 260 Hyx and after yet
another 3 minutes shows complete trains
block (except for the first impulse of the train)
at 340 Hz (bottom tracing). Thus acute com-
pression gradually impairs the ability of the
axon to conduct trains of impulses: the longer
the compression, the lower the frequency of
impulses that still can be transmitted through
the region without dropout.

After prolonged compression, recovery
was either slow or not observed during the
time the single units were recorded. Fig.
20-3 shows the results 1 hour after cessation
of 12 hours ol compression, With shorter
durations of pressure, recovery of function
could be observed (Fig. 20-5). In Fig. 20-5
the small spikes are thosc of a stimulated
axon, while the large spikes are those of a

Fig. 20-3. Singlc unit recordings taken 1.5 hours after | hour
of compression at differing train stimulus rates s indicated
on right of each tracing. In each recording lower trace shows
pattern and rate of stimulus presentation, whilc upper trace
shows single unit response. Note that as train rate is in-
creased, fewer impulses are transmitted through com-
pressed region from 8§, stimulating electrodes; both trains
block and alternate block occur; first action potential is ul-
ways transmitted at this level of compression. Control stim-
ulation at Ss (bottom tracing) shows ability to follow 360 Iz
much in excess of that which can traverse compressed re-
gion from §; (second tracing from bottom).
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Minutes
of
pressure Hz
340
LI L I I I T B R R I )
—
92 340 Fig. 20-4. Development of blockade during application of

continuous compression, as shown by times to left of trac-
ings. Note that top and bottom traces show stimulation at
same frequeney, differing only by amomnt of time nerve is

| compressed; some decrease in action potential heights oc-
04 WM 260 curs during sequence as a result of changes at recording
electrodes, but control recording from S, taken after last
tracing showed following at greater than 300 He.
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Fig. 20-5. Recovery of blockade after short (11 min) com-

pression. Time after release of compression is shown on
left, train frequency on right. Note that large single unit ey W 340

was fiving spontaneously, and stimulated unit has smaller
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spontaneously firing, unstimulated unit in
the same nerve twig. It can be seen in Fig.
20-5 that about 10 minutes after release of 11
ininutes of pressure the unit could transmit at
about 220 Hz but had somc interference with
trains of impulses at rates above 250 Hz.
Twenty minutes after release the axon could
transmit at 300 Hz but not at 340 Hz. At 35
minutes it could transmit at 400 Hz but not at
440 Hz.

When there was interference with trains of
impulses, the pattern of those impulses of the
train that were conducted was not constant.
As shown in Fig. 20-6, the pattermn of the
single impaired train is not consistent when
multiple sweeps are overlaid. Thus, for simi-
lar sensory inputs, there may be different
patterns transmitted to the central nervous
system. Furthermore, if computer averaging
techniques are used when detecting skin sur-
face potentials, the dropouts may occur dis-
persed throughout the train.

Fast oscilloscope sweeps (not shown) were
analyzed for comparison between the latency
of the action potentials before and after com-
pression. There was a reduction in conduc-
tien velocity from about 35 to 50 m/sec to less
than 10 m/sec in the compressed region if one
ascribes all slowing to the 5 mm length of the
compression device. This implics that com-

pound action potentials may have increased
temporal dispersion, and hence lowered
heights, even when no impulses are blocked.
To correct for this it would be necessary to
record the area under the monophasic action
potential (see Chapter 15).

DISCUSSION

The mechanism of conduction impairment
caused by acute compression in these exper-
iments is unknown. Hemostasis undoubtedly
oceurred, but by the indirect evidence noted
in the results, arterial blockage is less likely
to have vecurred, Intussuseception may have
occurred, but in those cases where compres-
sion was for a short time and recovery oc-
curred, one would have to postulate a rever-
sihle intussusception (see Chapter 4). Cer-
tainly there was not enough time for demye-
lination to occur, although prolonged com-
pression might ultimately give such a histo-
logical picture (assuming that recovery does
not occur within a few hours). The 10- to 30-
minute period needed to affect conduction in
the compressed region would be compatible
with physical changes in axonal size in the
compressed region owing to slow movement
of the viscous axoplasm to noncompressed re-
gions of the axon. Such diameter change
might account for the blockades seen since

10 minutes after
release of pressure

Hz
Single 420
sweep L] 0"!"..'.'.."“
. 420
Multiple
cellssdssevopnsnndnss
sweeps
ettt

v b s

1 ms,5ms

Fig. 20-6. Comparison of blockade pattern of single train with overlapped multiple stimula-
tions. Note that except for period just after first impulse pattern of activity is variable but still

time-locked to stimuli from §;.
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smaller diameter fibers are less able to trans-
mit high frequencies of nerve impulses than
larger fibers. 5% [f this were the mechanism,
then when an axon tapers distal to a nerve re-
pair or has multiple branches that are smaller
than the main axon, centrifugal conduction
would he affected, with possible trains block
at the region of axonal narrowing (see Chap-
ter 9). Irrespective of the mechanism of trains
block that results from acute compression, it
seems reasonable to assume that impaired
axonal conduction from a variety of different
mechanisms can lead to the same functional
result of dropout or complete block of trains
of nerve impulses.

There are a number of clinical implications
of these findings. The possible effects on ta-
pered nerve fibers arising from repaired
nerves has already been mentioned. In the
anterior compartment syndrome increased
pressure may lead to progressive loss of
motor power in the following scquence: (1)
muscle weakness, (2) a flick of contraction at
the start of each voluntary effort, and finally
(3) paralysis of the involved muscle. One can
hypothesize that if the loss is due to a pres-
sure block on the axon, then the weakness
corresponds to a time when action potentials
are dropping out of the continuous barrage of
impulses being generated by the CNS; the
flick of contraction may represent blockade of
impulse trains with only the first few im-
pulses in a train able to traverse the com-
pressed region; and the paralysis indicates a
complete conduction block,

Many of the characteristics of first degree
lesions (also termed “neurapraxia”') are con-
sistent with the idea of blockade of impulse
trains. Momentary compression can be one of
the causes of neurapraxia.! The period of
functional loss can be variable. It is much
shorter than in more severe forms of nerve
injury. There may be no significant demye-
lination, just as we have postulated for the
acute compressions reported here. If an in-
jured nerve has impaired conduction that
would lead to either trains block or alternat-
ing block, then we would expect that the
axons normally having the fastest firing rates
might be those that are mast affected,

namely, motor nerves, proprioceptive fibers,
and those serving transient touch. These are
the modalities most often involved in neur-
apraxia. Slower firing, smaller fibers, such as
autonomic axons, would be less affected, as is
also the case in neurapraxia. (This explana-
tion presumes that there is a differential ef-
fect on larger fibers, although this effect has
not been experimentally verified.) It should
be noted that in the clinical evaluation of
touch omne often uses a pin to detect sensa-
tion. This could stimulate only a few action
potentials, the first of which could be trans-
mitted through a region that would block a
train of impulses. On the other hand, rapid
impulse trains, such as those that occur when
attempting maximal muscle contractions,
would be blocked: hence there would be a
more severe functional loss in a motor fiber
than in a sensory fiber of similar diameter.
Thus this might be the explanation for the
clinical observation that motor function is af
fected more than sensory function. Another
possibility is that trains block may occur
where there was a continuous barrage of ac-
tivity associated with musele stretch recep-
tors; this in turn might change spinal cord ex-
citability at an unconscious level and thus af-
fect the motor power in this manner.

With chronic compression, such as might
oceur with localived inflammatory response
around an injury, it is possible that large
fibers may be selectively affected mechani-
cally, as compared with smaller fibers. 2

Compound action potentials to trains of
stimuli have been recorded in normal human
median nerves' and ulnar nerves.™* In re-
cordings in the carpal tunnel syndrome,
trains of impulses have been shown to be a
more sensitive objective measure than the
EMG or sensory conduction studies.® Com-
pound action potential recordings such as
these demonstrate the usefulness of trains of
impulses in the analysis of human nerve func-
tion but must be interpreted with care, since
changes in the height of the compound action
potential can be due to a number of different
causes as follows: (1) a change in the height of
the individual action potentials in the later
part of the train {see bottom trace of Fig.
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20-3), (2) a temporal dispersion of the action
potentials either by decreased conduction in
the impaired region or by differential effects
on conduction related to differing axonal
2 or (3) the change in the number of
axons contributing action potentials to the
compound potential. Thus small changes in
the height of the compound action potential
may bhe due to either of the first two
mechanisms. However, the changes ob-
served in the reference literature just cited
are sufficiently great to indicate that some
dropout of action potentials must be occur-
ring under the conditions observed.

Many variables remain to be investigated,
such as the intcraction between the amount
and duration of compression, the effect of the
length of axon compresscd, and the potentiat-
ing effects of factors like inflammation,
anoxia, and drugs. However, it seems
reasonably safe to prognosticate that trains of
impulses are likely to be a better measure of
impaired conduction than complete axonal
block in milder forms of nerve injury. Simi-
larly, trains of impulses may be important in
evaluating the time course of functional re-
covery as regrowing axons mature and en-
large. Permanent impairment of train con-
duction may still result after nerve repair if
the distal axons do not recover their full di-
ameters,

size,

REFERENCES

1. Buchthal, F., and Rosenfalek, A.: Evoked action po-
tentials and conduction velocity in human sensory
nerves, Brain Res. 3:1, 1966.

2. Causey, G.: The effect of pressure on nerve fibers, J.
Anat. 82:262, 1948.

-1

11.

12,

13.

14.

. Causey, G., and Palmer, E.: The effect of pressure

on nerve conduction and nerve-fiber size, J. Physiol.
(Lond) 109:220, 1949.

. Deuny-Brown, D., and Brenner, C.: Paralysis of

nerve indueed by direct pressure and by tourniquet,
Arch. Neurol. Psvchiatry 51:1, 1944,

. Franz, . N.. and Iggo, A.: Conduction failure in

myelinated and non-myelinated axons at low tem-
peratures, ]. Physiol. Lond) 199:319, 1968,

. Lehmann, H. ., and Tackmann, W.: Neurographic

analysis of trains of frequent clectric stimuli in the
diagnosis of peripheral nerve diseases: investigations
in the carpual tunmel syndrome, Eur. Neurol. 12:293,
1974,

. Lowitzsch, K., and Hopf, H. C.: Refraktirperinde

and Ubcrmittlung [requenter Reizserien im gemis-
chten peripheren Nerven des Menschen, ]. Neurol.
Sci. 17:253, 1972,

. Paintal, A. §.: The influence of diameter of medul-

Tated nerve fibers of cats on the rising and falling
phases of the spike and its recovery, J. Physiol.
(Lond) 184:791, 1966,

. Paintal, A. S.: A comparison of the nerve impulses of

mammalian non-medullated nerve fibres with those
of the smallest diameter medullated fibres, J.
Physiol. {Lond) 193:523, 1967.

. Paintal, A. S.: Conduction in marmmalian nerve

fibres. In Desmedt, J. E., ed.: New developments
in electromyography and clinical neurophysiology,
vol. 2, Basel, 1973, Kurger, p. 19.

Seddon, H.: Surgical disorders of the peripheral
nerves, Edinburgh, 1975, Chruchill Livingstone.
Strain, R, E., Jr., and Olson, W, H.: Selective dam-
age of large diameter peripheral nerve fibers by
compression: an application of Laplace’s law, Exp.
Neurol, 47:68, 1975.

Sunderland, 8., Sir: Nerves and nerve injuries, ed
2, Edinburgh, 1978, Churchill Livingstone.
Tackmann, W., Ullerich, D., and Lehmann, H. J.:
Transmission of frequent impulse series in human
sensory nerve fibres, Eur. Neurol. 12:261, 1974,

T

DI

tu
be
th
Jew
ti
S0
m
el
de
di

fre

afl

ur

€0
b
th
an
ch
th
Cr
New
18T
cle
Jewe
te
ter

1IN

th

ch

be

in
ne

Tt

te;
i
co
tic




ire J

hic

ms

3,

wle
115-

ul-

ing
ol.

s of

se

DISCUSSION

W. Newmar (San Francisco): In the carpal

tunnel syndrome, we see sensory dropout

before motor dropout. How do we explain
this?

Jewett: First of all clinical tests of both sensa-

tion and motor power are relatively coarse,
so that there may be physiological impair-
ment of maximum performance before
clinical manifestations wre apparent. The
degree of impairment will relate to the
diameters of the axons as well as the firing
frequencies, so it is conceivable that either
motor dropout or sensory dropout could be
affected first. Finally, there is no single
unit data on chronic compression compar-
able to what T showed with respect to acute
compression. All the chronic data are
based on compound potentials. Perhaps
the relationship of affected firing frequency
and diameter may be different in the
chronic case, although there is no question
that in chronic compression there is de-
creased function,

Newmar: With a compartment syndrome,

isn't it a good possibility that it is the mus-
cle that is affected before the nerve?

Jeweti: I have no data on muscle action po-

tentials. Tt would be of considerable in-
terest to see if muscle were affected as
well. In the compartment syndrome the
muscle would be under uniform pressure
throughout its length. The experiments in
which nerves were placed in hyperbaric
chambers indicate that high pressure can
be tolerated if the pressure is uniformly
distributed. As Dr. Waxman has indicated
in this volume, it is the transition areas in
nerve where conduction failure is likely.
Therefore in compartiment syndromes one
would suspect the region of nerve as it en-
tered the high-pressure region as being the
most susceptible. This is theoretical, of
course, and needs experimental verifica-
tion.

Roger Crumly {San Francisco): In Bell's

palsy, it has been shown that patients that
have lower function of the involved sub-
maxillary gland and lacrimal gland tend to
have poorer results in regard to regenera-
tion. Yet we have been shown by Dr. Sun-
derland that the facial nerve is a
monofunicular nerve throughout the tem-
poral bone, so that if this is a compressive
lesion, why are these smaller nerves prog-
nostic indicators? Dr. Jewett’s data suggest
that the large motor fibers going to the fa-
cial muscles should be the most sensitive
to compression. Are the poorer results
evidence that there is an increased pres-
sure in those patients that have se-
cretomotor nerve involvement?

Jewett: The presence of a palsy implies com-

plete conduction block, a first degree le-
sion. I agree that smaller fiber involvement
may well indicate the severity of the com-
pressive lesion. This is rcasonable since
large fibers are compressed proportionally
more than small fibers.

Sunderland: The facial nerve in Bell's palsy is

actually analogous to the median nerve in
the carpal tunnel syndrome, hence we
must consider it a conduction block injury,
Clearly we are beginning to broaden our
classification and understanding of conduc-
tion block lesions. There are many factors
that we do not yet understand about them.
I wish to emphasize the importance of an
adequate blood supply. The nodes must be
oxygen sensitive, and impairment of blood
supply must clearly have significant effcets
on conduction properties.

Ochoa: On the use of the term “neurapraxia,”

I quite agree with Sir Sidney that we had
better drop it because it is confusing.
Neurapraxia has been used interchange-
ably to cxpress two totally different con-
cepts. One is the immediately reversible
block that is ischemic, and the other one is

207
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a prolonged demyelinating block. Now
what are we going to do with the term? We
must drop it because it is confusing, but we
have to replace it with something else, and
T would suggest that we expand the nerve
injury classification in order to accomaodate
the main concept of neurapraxia, which is
primarily a myelin and a Schwann cell le-
sion, 1T would suggest that we incorporate,
in agrecment with Dr. Jewett, a “zero de-
sree” classification to bring in the de-
myelinating block. We probably even need

a “zero-zero degree” to avoid the confusion
of the demyelinating block with the purely
ischemic block.

Sunderland: I think that is most helpful and
certainly m conduction block, we now
need subgrades of a first degree lesion.

Editor: Readers may also find the following
reference of interest. Smith, D. O., and
Hatt, H.: Axon conduction block in a re-
gion of dense connective tissue in crayfish,
J. Neurophysiol. 39:794, 1576.
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