ABSTRACT: Organophosphate (OP) compounds are present in house-
hold and agricultural pesticides as well as in nerve agents. The toxic effects
of these chemicals result from their anticholinesterase activity, which dis-
rupts nerve junctions and parasympathetic effector sites, leading to a variety
of symptoms and possible death. When the anticholinesterase agents in OP
compounds reach the neuromuscular junction, they cause a disruption in the
firing of muscle fiber action potentials. This effect has the potential of altering
the time course of the electromyographic (EMG) signal detected by surface
electrodes. We investigated the association between OP compound dose,
surface EMG changes, and overt signs of OP toxicity. Daily doses of 10—-15
r.g/kg of diisopropylfluorophosphate (DFP) were injected into the calf muscle
of four rhesus monkeys while surface EMG signals were recorded from two
thigh muscles bilaterally. With increasing number of doses, the EMG signal
presented an increasing number of time gaps. The presence of the gaps was
evident prior to any overt symptoms of cholinesterase toxicity. These find-
ings can lead to the development of noninvasive technology for indicating
the presence of OP compounds in muscle tissue prior to clinical abnormal-

ities.
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Organophosphate (OP) cholinesterase inhibitors
form the active ingredient of nerve agents such as
sarin and soman, as well as many of the more than
25,000 brands of home and agricultural pesticides.??
The horrific effects of nerve agents have been well
publicized, but it is less well known that OP com-
pounds are responsible for over 20,000 reported
toxic exposures per year in the USA alone.® Expo-
sure to high concentrations of OP compounds may
result in death through respiratory failure and the
accumulation of respiratory secretions.?? Exposure
to low concentrations of OP compounds produces
characteristic but treatable symptoms. In skeletal
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muscles, symptoms include muscle twitching, cramp-
ing, and weakness; involvement of glandular cells
and autonomic ganglia may lead to excessive pulmo-
nary secretions and airway constriction, diarrhea,
vomiting, and nausea; whereas, in the central ner-
vous system, OP compounds can produce irritability,
depression, apathy, loss of concentration, and mem-
ory impairment.!®!6 OP compounds produce their
biological actions through inhibition of the various
forms of cholinesterase, the degradative enzyme for
the neurotransmitter, acetylcholine. Toxicity is me-
diated through elevation in the levels in acetylcho-
line in tissues innervated by cholinergic neurons and
via concurrent parasympathetic and ganglionic stim-
ulation.!®

Early recognition of exposure and timely inter-
vention are important for effective treatment; there-
fore, early detection is beneficial. Various ap-
proaches are available for detecting the presence of
OP compounds. According to Mason,!® biological
monitoring of the ambient atmosphere is the most
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effective means for early detection. Various systems
for this purpose are available, but they can only
provide estimates of the likely internal dose ab-
sorbed or inhaled by an individual.’> Force sensors
have been used to measure the tremor of a mouse
that had been exposed to soman or oxotremomo-
rine.% Alternatively, overt signs and symptoms of OP
toxicity may be discerned clinically, but symptoms
tend to be nonspecific and absorption of OP com-
pounds such as pesticides may be at levels that pro-
duce no overt clinical signs.!” Measurement of
enzyme activity of plasma cholinesterase and acetyl-
cholinesterase in red blood cells has historically
been used as the preferred indicators for excessive
OP exposure,!* but large individual differences exist
in the levels of enzyme activity in blood. In addition,
many diseases, as well as other toxicants and medi-
cations, can depress plasma and red blood cell cho-
linesterase, further limiting the effectiveness of these
methods.!® Generally, assays of urine alkyl phos-
phate are more sensitive for measuring the amount
of absorbed OP than methods based on inhibition of
blood cholinesterases. However, urinary alkyl phos-
phate and phenol analyses are affected by OP com-
pounds in the food chain. There are also practical
difficulties to consider, such as the need for multiple
urine samples initiated close enough to a potential
OP exposure-incident to define adequately the ex-
tent of low-level exposure.?”

Organ-specific OP absorption monitoring meth-
ods are absent from the tools currently available for
biological monitoring. This deficiency is especially
true for the neuromuscular system. The disturbed
acetylcholine transmission from OP compounds in-
terferes with signal transmission across the neuro-
muscular junction and consequently alters the prop-
agation of the action potential along the muscle-
fiber membrane.!? This effect can occur at low doses.
Baker and Sedgwick! recorded action potentials us-
ing invasive single-fiber needle electrodes and noted
alterations in the shape and propagation of action
potentials that persisted for up to 3 days after expo-
sure to sarin without apparent symptoms of neuro-
muscular toxicity. Similar changes were noted from a
hemidiaphragm preparation that was studied for up
to 28 days after exposure to various OP com-
pounds.??

Given these alterations in action potentials, it is
reasonable to expect corresponding alterations in
the surface electromyographic (EMG) signal. Conse-
quently, we performed this preliminary study to de-
termine whether the surface EMG signal is altered in
a predictable manner following exposure to an OP
compound. In addition, we investigated whether
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such changes, if present, appear to be dose-sensitive
and occur prior to overt signs of cholinesterase tox-
icity. If so, it should be possible to develop a new
technology for monitoring OP compounds absorbed
in the neural and muscle tissues.

METHODS

Research Design. Due to the preliminary nature of
this study, which was intended to establish associa-
tion rather than causality between parameters, a self-
controlled study design was adopted in which sub-
jects served as their own controls. One of the
drawbacks of such a design is the vulnerability to the
Hawthorne effect, where changes in behavior follow-
ing an intervention can occur simply because the
subject received special attention by being in the
study.” We modified the design to limit this effect by
introducing a recovery or “washout” procedure fol-
lowing the intervention to provide further opportu-
nity for establishing an association between dose and
effect. Furthermore, other variables, such as serum
levels of cholinesterase activity, were included to
verify that the effects were likely dose related.

The study was performed using diisopropylflu-
orophosphate (DFP), a compound commonly em-
ployed for studying the effects of OP cholinesterase
inhibitors.> Administration of this inhibitor pro-
duces classic acute and delayed forms of toxicity, and
is relatively safe to use in the laboratory setting be-
cause of its low volatility. As is the case with many OP
compounds, DFP is rapidly metabolized to an inac-
tive product by blood and tissue esterases. However,
the inhibition of cholinesterase is permanent, re-
quiring the synthesis of new enzyme protein for
complete recovery. Therefore, even subthreshold
doses of DFP may have cumulative effects. DFP is
similar to nerve agents in that it does not require in
vivo modification to an active metabolite, and it is
similar to some pesticides in that it responds readily
to antidotal measures such as oxime reactivators.?®

Experimental Protocol. All animal protocols were
approved by the appropriate review boards of the
Medical College of Georgia and the Western Institu-
tional Review Board (Olympia, Washington). Four
rhesus monkeys, weighing 9.4-12.2 kg, were trained
to support their body weight while being restrained
in an adjustable primate chair (Fig. 1). They were
positioned to stand on their hind limbs and main-
tain sustained isometric contractions of their lower-
limb muscles through the use of a rigid neck collar
that was adjusted to a height that required subjects
to stand on their hind legs. Subjects had no difficulty
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FIGURE 1. Experimental arrangement. Positioning of the subject
in the test chair (A). The subject is shown supporting its body
weight during stance while surface EMG signals are recorded
bilaterally from the vastus medialis and vastus lateralis muscle of
the thigh (only two of four sensors are shown). The location of the
DFP injection site and EMG ground reference electrode is pro-
vided. A close-up view of the surface EMG electrode is shown
(B). The spacing between the parallel bars is 1.0 cm, making this
electrode suitable for detecting the surface EMG signal from the
relatively small muscles of the animal.

in tolerating this position for trial periods that varied
between 5 and 10 minutes. If signs of fatigue or
discomfort appeared prior to the allotted trial pe-
riod, the subject was allowed to return to a seated
position in the primate chair and rest before another
trial was initiated. Surface EMG electrodes (Delsys,
Inc., Boston, Massachusetts; DE 2.1 single-differen-
tial, parallel-bar configuration), shown in Figure 1,
were attached to the mid-bellies of the right and left
vastus lateralis and vastus medialis muscles. EMG
signals were detected from each muscle while the
subject maintained the isometric sustained contrac-
tion during forced standing. EMG signals were fil-
tered during acquisition with a bandwidth of 20-450
Hz (roll-off of 80 dB/dec) and a gain of 1000. The
signals were digitized (1024 samples/s) and stored
for later processing with data acquisition and analysis
software (EMGworks, Delsys, Inc.). Baseline mea-
surements of EMG activity were acquired for varying

durations for each animal, ranging from 2 to 5 days,
depending on the availability of the animal and its
ability to comply with the experimental protocol.

Following baseline measurements, the animals
were injected daily with DFP (10 pug/kg) in the calf
muscle for 5 consecutive days. Injection was alter-
nated between the left and right sides to minimize
trauma to the muscle from the needle and reduce
the likelihood of localized proteolysis from DFP.
Over the next 2-4 days, the animals received an
additional 15 ug/kg of DFP daily. As the number of
injected DFP doses increased, the animals mani-
fested increased signs of toxicity. Dosing was discon-
tinued at the point of overt symptoms of cholinergic
overstimulation. At this point, atropine (0.2 mg/kg)
was administered for 4 consecutive days to mitigate
the parasympathomimetic effect of the DFP. EMG
recordings were made for 14 consecutive days after
administration of the first DFP dose. The EMG signal
was recorded prior to and immediately following the
injections.

Data Processing. Three indices were devised to
quantify the progression of the toxicity. The first was
a symptom severity index. This was a subjective index
that categorized the observed clinical changes in the
animals. Severity was categorized according to a
method closely modeled after the standardized and
validated procedure described by Persson et al.2! As
summarized in Table 1, clinical categories were iden-
tified as “low” if signs were either mild, transient, or
spontaneously resolving, and as “moderate” if they
were pronounced or prolonged. Specific changes
associated with the voluntary and autonomic nervous
systems and three different organ systems were eval-
uated. They included such symptoms as diarrhea
and vomiting for the gastrointestinal system; wheez-
ing and dyspnea for the respiratory system; and mei-
osis, muscle incoordination, and muscle fascicula-
tion for the nervous system. A score of 1 was assigned
to each symptom in the moderate category, and a

Table 1. Summary of categories used for symptom severity index.

Severity category

Moderate
Organ system

(pronounced or prolonged)

Low
(mild, transient, or spontaneously resolving)

Gastrointestinal Vomiting, diarrhea
Respiratory Wheezing, dyspnea
Nervous Meiosis, incoordination, muscle fasciculation

Vomiting, diarrhea
Wheezing, dyspnea
Meiosis, incoordination, muscle fasciculation

Signs from three organ systems are indicated. Two severity categories (low and moderate) are indicated for each sign. For each sign, scores of either 1 or 0.5
are assigned for moderate and low categories, respectively. A cumulative index for each trial was computed, as described in the text, by adding all scores for

each animal.

EMG Index for Organophosphates
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score of 0.5 to each symptom in the low category.
The cumulative symptom severity index was com-
puted post hoc as the algebraic sum of these scores,
and therefore could range between a minimum
value of 0 and a maximum of 7. Two observers
scored each animal on a daily basis and the average
of their scores was used for comparison with other
parameters. These observers were not involved in
the processing of the other data parameters or their
analysis.

As the number of doses increased, the EMG sig-
nal presented an increasing number of gaps that
were not characteristic of a normal surface EMG
signal (for additional descriptive behavior of surface
EMG, see Basmajian and De Luca?). In order to
quantify this effect, we constructed two additional
indices: a tremor index and a myo-chem index.

The tremor index was designed to measure the
6-12-Hz energy in the modulating signal [measured
EMG signal = (modulating signal) X (base EMG
signal) ] induced on the EMG signal by the presence
of tremor.'? The modulating signal was extracted
through a process of rectification and low-pass filter-
ing of the EMG signal. The 6-12-Hz energy within
the envelope was estimated via a power density spec-
trum that was calculated using Welch’s method with
a half-window overlap.

The myo-chem index was designed to measure
the rate of occurrence of gaps that were spaced in an
irregular manner, as was observed for the EMG sig-
nal at low DFP doses. This index estimates the pres-
ence of a gap by comparing local signal power to a
long-term average of signal power. We used two
moving windows, one with a longer length (W), to
calculate the long-term average of the signal power:

z+ Wi/2

> X()?

i=z— W/2

1
G(Z):W

1

and another with a shorter length (W) for the local
signal power:

z+ We/2

1
o= 2 X0

2= W2

In these equations, X(i) represents the digitized
EMG signal and ¢ and z represent data indices.
When local signal power (averaged for statistical
stability over a short epoch of the EMG waveform)
was significantly smaller than the long-term average
of signal power, the local signal value was declared to
be within a gap. A single gap was therefore construed
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FIGURE 2. A typical record of the surface EMG signal detected
from animal 2 after the injection of five doses (10 ng/kg) and
three doses (15 pg/kg) of DFP. The near-flat solid line represents
the long-term energy and the fluctuating dashed line represents
the local energy of the EMG signal. The arrows mark the location
of the gaps in the signal.

to consist of consecutive signal values declared to be
within that gap. Figure 2 shows a segment of the
EMG signal with the estimates of the long-term av-
erage power represented by the relatively flat line
and estimates of the local signal power represented
by the undulating line. The arrows in the figure
indicate the presence of gaps. Counts of the number
of gaps per second were used as values for the myo-
chem index.

A constraint satisfaction approach was used to
find values for W, and W,. The procedure was de-
signed to identify W, and W, values that satisfied the
constraint maximizing the difference between the
numbers of gaps in the baseline EMG data com-
pared to the dose-related EMG data. We focused the
analysis on EMG data that were derived when the
animal had been exposed to the highest cumulative
doses of DFP where visible fasciculations were
present and there were numerous EMG gaps dis-
cernible by eye. Different values of W and W, were
tried until we were able to equally satisfy the con-
straint in data from all four animals, and further
sampling did not improve the results (i.e., we had
reached a plateau). The values computed following
this procedure were W; = 128 samples (125 ms) and
W, = 40 samples (39 ms).

A limitation of this experiment was that, during
the recording sessions, the animals often moved
their limbs and did not always provide us with sta-
tionary EMG signals. In order to remove the artifact
introduced by these dynamic contractions, we con-
ditioned the signal by high-pass filtering with a sixth-
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order Butterworth filter with a cut-off frequency of
100 Hz. A computer algorithm was written to select
more stable (stationary) segments of the EMG sig-
nals that were free of the relatively high variability in
EMG amplitude that is characteristic of movement
and force variation.? The algorithm extracted sta-
tionary EMG segments of 5 s or longer by computing
the ratio of the maximum and minimum of the
root-mean-square value of the EMG signal and elim-
inating those portions of the raw data where this
ratio exceeded a value of 2. Root-mean-square value
was calculated for 0.25-s windows that were over-
lapped by 0.1 s using a moving window.

The EMG segments complying with the station-
ary criteria were collected for all four muscles and
were analyzed separately to compute the myo-chem
index and tremor index for each day.

RESULTS

We collected baseline data for 2 days on animals 2
and 3, for 3 days on animal 4, and for 5 days on
animal 1. The variation in duration was due to sched-
uling demands. We collected a total of 53 min 45 s of
EMG signals for all animals prior to administration
of the first dose of DFP (14 min 40 s for animal 1, 16
min 50 s for animal 2, 2 min 50 s for animal 3, and
19 min 25 s for animal 4). When pooled across
subjects, this aggregation provided a total of 863 5-s
epochs of stationary EMG data for all four muscles.
Similarly, pooled data collected from the onset of
DFP administration until the completion of the
study resulted in a total of 624 5-s epochs of station-
ary EMG data.

All four animals showed clear signs of toxicity, but
to varying degrees. Blood samples taken after five doses
of DFP (10 ug/kg) and after the last dose of DFP (15
png/kg) indicated that the plasma cholinesterase levels
were maintained at 89.9% and 87.7%, respectively.
Overt signs of toxicity disappeared in all the animals
within 6 weeks of the first dose.

Prior to the administration of DFP, there were no
visible signs of abnormality in the behavior of the ani-
mals and in the appearance of the EMG signal. As the
number of DFP doses increased, the toxicity mani-
fested itself as visible changes in the behavior of the
animal and in an altered appearance of the EMG sig-
nal. Figure 3 presents the sequence of alterations in the
EMG signal that were characteristic of the experimen-
tal data set. Prior to the administration of the DFP (Fig.
3a), the amplitude of the EMG signal was normal; that
is, the amplitude appeared stochastic and stationary in
nature.? It was continuous with only occasional gaps in
the signal. The first noticeable alterations in the EMG
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FIGURE 3. Samples of the EMG signal from animal 3 at various
stages of the dosing sequence: (a) baseline measurement 1 day
prior to the first injection of DFP; (b) first observation of the gaps
noted 1 day after the first injection; (c) the most affected record,
seen 6 days after first injection; and (d) a return to normal
appearance 7 days after the last injection of DFP.

signal were manifested by disorganized clusters and
gaps in the signal (Fig. 3b). This clustering became
more pronounced up to the day after the last admin-
istration, when it appeared as wellsynchronized bursts
alternating with periods of nearly no activity that ap-
peared as gaps (Fig. 3c). One to 2 weeks after the last
injection, the signal began to regain its normal appear-
ance (Fig. 3d). A comparable pattern of signal behav-
ior was reported by Smith?? in a hemidiaphragm prep-
aration for up to 28 days after exposure to different OP
compounds.

No overt clinical changes were observed during
the first three consecutive administrations of the
10-ug/kg dose. Subsequently, we noticed slight
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FIGURE 4. The time-course of: (A) the symptom severity index; (B) the myo-chem index; and (C) the tremor index. Note that the EMG signal
could not be obtained on each day from some animals. Animal 4 was uncooperative during the baseline measurements and animal 3 became
ill and could not be tested for a few days. Those events are indicated by a dashed line. The first vertical dashed line indicated the first day of
DFP injection (day 0) and the second vertical dashed line indicates the date of the last injection, which differed among animals. The data were
computed from a total of 863 trials across all four animals. The upper and lower bounds of the shaded interval indicate the 95% confidence
limits. By common convention, any value of the index above the shaded region is considered significantly different from the baseline value.

fasciculations of muscle fibers in the thigh muscle
as well as in other superficial muscles throughout
the body. Fasciculations are a common sign of
exposure to anticholinesterase drugs and appear
as brief, irregular contractions of muscle fibers
that are not associated with voluntary movement
and involve different muscles randomly.!2 The fas-
ciculations were easily distinguished from volun-
tary movement, because they occurred at rest and
were typically present with myokymia, which ap-
pears as slight movement of the skin in the vicinity
of the contraction. As the number of injections
increased, the clinical changes (see Table 1) be-
came more pronounced. In contrast, the first signs
of alterations in the appearance of the EMG signal
became apparent as early as 1 day after the first
injection in two animals (nos. 2 and 4), and later
in the others. Alterations in the EMG signal always
appeared before the first sign of overt clinical
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change. When the EMG signal was altered, the
modification was seen in all four muscles, indicat-
ing that the effect was likely systemic.

Figure 4 presents a comparison of the time-
course of the three indices as well as their deviations
from baseline. The symptom severity index is shown
as an averaged value, from scores assigned by two of
the experimenters. The myo-chem index and tremor
index are shown as average and standard deviation
values calculated for all four muscles on each day.
The shaded area in the plots of these indices repre-
sents the 95% confidence interval for their baseline
values. Because the confidence interval was com-
puted from a total of 863 5-s-long baseline trials
pooled across all four animals, it has the same di-
mensions in each animal. Pooled data were used
because of our interest in developing a myo-chem
index technique that does not require individual
baseline measurements for use in the field.
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Figure 4 indicates that the myo-chem index aver-
aged for the four muscles and plotted for each ex-
perimental day in Figure 4b exceeded the 95% con-
fidence limits for three of the four animals. This
deviation from baseline occurred as many as 6 days
prior to overt clinical change in two of the animals
(nos. 2 and 4) and 1 day prior to observing symp-
toms in one animal (no. 3). In contrast, the tremor
index exceeded its baseline 95% confidence limit in
only two of the animals (nos. 2 and 4) and only
during peak symptom severity index periods.

DISCUSSION

The overt clinical manifestations of DFP toxicity in
this study were similar to those reported previously.
That is, it varied among animals; the clinical changes
were similar; and the intensity of the changes in-
creased with the number and concentration of ad-
ministered doses.318:20

The novelty of our study concerns the finding
that surface EMG signals are modified in association
with increased dose of OP compounds, and that this
manifestation in the EMG signal occurred prior to
overt symptoms of cholinesterase toxicity. Previous
reports!-2> have described changes in the shape of
action potentials detected via needle electrodes, but
no associations were made with respect to increases
in dose followed by a washout period. Furthermore,
none of these studies utilized noninvasive EMG sig-
nal detection.

We have demonstrated that the inhibitory effect
of DFP on cholinesterase activity in the synapses is
associated with changes in EMG signal characteris-
tics detected from the surface of the skin. Our study
provides preliminary evidence that a noninvasive
method based on recording EMG signals may be of
practical value as a biological monitor for OP com-
pounds. Furthermore, because the alterations in the
surface EMG signal occurred before any overt phys-
iological manifestations were observed in most sub-
jects, the EMG signal may be capable of providing
presymptomatic detection of OP toxicity. In three of
the four animals (only two animals responded above
baseline after one dose) the myo-chem index re-
sponded to the presence of DFP after only one dose
of 10 ug/kg had been administered. Not only did a
change in this index precede one in the symptom
severity index (i.e., it was more sensitive), but it also
increased with the number of doses and returned to
baseline after injection of DFP was discontinued and
atropine was administered. In animal 4, the myo-
chem index continued to increase as the severity
index decreased after reaching a peak. This is possi-
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bly due to the fact that the severity index contains
contributions from the parasympathetic nervous sys-
tem, whereas the myo-chem index represents only
the effect on the voluntary nervous system.

The fact that these animals responded to the
administration of DFP with intersubject variability in
severity of clinical effects and EMG response is not
unexpected. Sensitivity to cholinesterase inhibitors is
variable among animals and humans.* Animals
within a study group will have varying sensitivities to
all but the highest doses, so that a dose that affects
one animal might have no effect at all on another.
These varying sensitivities to cholinesterase inhibi-
tors may be due to differences in the expression and
sensitivity of cholinergic receptors and to the fact
that narrow dose windows are a characteristic of this
class of drugs.!” Predisposition to toxicity from cho-
linesterase inhibitors as a class is partly under genetic
control. For example, peripheral pseudocholinester-
ases or aliesterases that compete for circulating cho-
linesterase inhibitors can decrease the amount of
DFP available to phosphorylate acetylcholinester-
ase.'! Thus, although plasma cholinesterase inhibi-
tion is a useful indicator of exposure, it is rarely
predictive of symptom expression or lethality.%2¢ We
monitored cholinesterase levels in this study to show
that there was rapid inhibition soon after initial dos-
ing, which was relatively constant throughout the
study, and for comparative purposes with other pub-
lished studies and for future studies.

The clustering-and-gaps behavior of the EMG
signal that was associated with DFP toxicity was not
caused by a simple tremor phenomenon. Although
tremor in the frequency range of physiological trem-
or?* was evident in two of the primates, it was only
noticeable when the myo-chem index was at its high-
est level, corresponding to the greatest cumulative
dose of DFP. At lower doses, the myo-chem index
was more sensitive than the tremor index. The mod-
ification in the EMG signal at lower doses may be
associated with fasciculations that were noticed in
this and previous studies.!?> As the dose was in-
creased, spontaneous fasciculations became more
pronounced and more organized into a tremor,
which is a common sign of acute OP poisoning.'?
The myo-chem index is able to track the evolution of
the fasciculations into the more organized tremor,
thus providing a parameter that continuously repre-
sents the degree of disruption in the EMG signal
associated with OP cholinesterase inhibitor activity.

The clustering effect seen in the EMG signal may
thus be better understood as a phenomenon that
blocks the activation of the postsynaptic membranes
in a nearregular manner rather than as one that
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likely originates in the diencephalon, as does physi-
ological tremor. The increasingly well-defined gaps
that indicate an almost silent activation of all the
motor units in the detection volume of the surface
electrode point to a grouped effect at the level of the
motoneuron pool. A possible explanation is that, at
the administered doses, DFP is able only temporarily
to block acetylcholine transmission across most of
the neural synapses. During these gaps, the cholines-
terase lowers the acetylcholine and postsynaptic ex-
citation occurs for a short period that is manifested
as clusters in the EMG signal. This process repeats
continuously as the presynaptic excitation continues.

It is unlikely that the reported effects were due to
mechanisms other than the systemic cholinesterase ef-
fects of DFP. Although administration of DFP may be
proteolytic and lead to myofibular damage,'®> or may
have biological effects by mechanisms other than phos-
phorylation,” these possibilities are unlikely because
intramuscular injections of DFP were administered in
muscle groups other than those used for recording the
EMG signal, and the effect on the myo-chem index was
reversed by the injection of atropine.

The results of this study are preliminary and
based on the data from experiments with four ani-
mals. We mitigated these limitations by emphasizing
rigorous analysis techniques and conservative inter-
pretations. Nonetheless, our results provide evi-
dence that a disruption in the surface EMG signal is
present prior to symptomatic manifestations of the
physiological effects of injected OP compounds and
that the disruption is related to the time-course of
exposure to OP compound. Further investigations
should establish the causality and mechanisms.
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