ABSTRACT: The pathophysiology of hepatic neuropathy is poorly under-
stood, but membrane depolarization due to a toxic inhibition of oxidative
metabolism has been proposed. We investigated the relationship between
nerve excitability properties, nerve dysfunction, and liver function in 11
pretransplant patients, the majority of whom were oligo- or asymptomatic for
peripheral neuropathy. Abnormalities were detected on clinical examination
(6), large-fiber nerve conduction (4), and thermal quantitative sensory test-
ing (10). Small-fiber involvement was characterized by elevation of warm
more than cold detection thresholds. Autonomic dysfunction was less fre-
quent (4). Nerve excitability parameters in both upper and lower limbs
provided evidence of membrane depolarization compared with controls,
even in those patients without a history of alcohol abuse. No clear correlation
was found between neurophysiological indices and scores of hepatic re-
serve or various blood parameters including ammonia level. Although
chronic membrane depolarization may be involved, the degree of depolar-
ization in large fibers was small, and its role in the pathophysiology of

neuropathy uncertain.
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The symptoms and signs of a peripheral somatic
and autonomic neuropathy in patients with chronic
liver disease have been observed by several authors.
At one time, the existence of a distinct hepatic neu-
ropathy was questioned, since subjects had multiple
comorbidities, such as chronic alcoholism or infec-
tious hepatitis, that may have predisposed them to
nerve damage.*? In more recent studies, the preva-
lence of somatic neuropathy has ranged from 39%-—
93% and small fiber neuropathy from 28%-60%,
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even when prior alcoholism and diabetes were ex-
cluded.®153% Autonomic studies indicate abnormali-
ties in at least half of most case series.®!317:33.43
addition, histopathological studies of nerve have re-
vealed segmental demyelination, thinly myelinated
nerve fibers, and axonal loss.®-9:11.29 Little appears to
be known of the pathogenesis, but it is commonly
assumed that unmetabolized endogenous neurotox-
ins are somehow responsible. Kardel and Nielsen?!
interpreted the generalized nature of the nerve dys-
function as likely due to a reduction in the resting
membrane potential, possibly caused by a toxic inhi-
bition of cellular oxidative metabolism, as put for-
ward by Sherlock.3?

The recent development of nerve excitability
studies*® has produced a sensitive means of detect-
ing such alterations in membrane potential. For ex-
ample, application of a convenient test of multiple
nerve excitability parameters?® to patients with end-
stage kidney disease has shown that their nerves are
chronically depolarized, primarily due to hyperkale-
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mia, and provided evidence that neuropathic symp-
toms are related to depolarization.?”3° We therefore
examined the nature of the neuropathy in patients
with end-stage liver disease (ESLD) by testing the
function of small and autonomic as well as large
fibers, and by using excitability studies to assess
whether large motor and sensory fibers are depolar-
ized, as proposed by Kardel and Nielsen.2!

MATERIALS AND METHODS

Eleven ESLD patients (9 men, 2 women) with a mean
age of 50 (range 29-69) years who were awaiting trans-
plantation at the Royal Free Hospital, London, were
studied. Nerve excitability and blood electrolyte values
were compared with 27 normal volunteers with a mean
age of 48.4 years (range 30-79), 17 with a mean age of
44.1 years (range 30—61), and 14 with a mean age of 45
years (range 23-61) for median motor, median sen-
sory, and peroneal motor studies, respectively. All pa-
tients and normal volunteers gave informed consent in
accordance with the Declaration of Helsinki and the
study was approved by the institutional review board.
Exclusion criteria were frank diabetes mellitus, renal
impairment (elevated serum creatinine), an active en-
cephalopathic state, and lack of independent mobility.
Clinical and laboratory assessment for alternative
causes of a neuropathy were performed and such pa-
tients were excluded, with the exception of those with
a prior history of alcoholism or primary biliary cirrho-
sis. All patients had exhaustive pretransplant investiga-
tions, including erythrocyte sedimentation rate, trepo-
nemal/hepatitis/human  immunodeficiency  virus
serology, serum protein electrophoresis, creatinine
clearance, and serum levels of electrolytes, creatinine,
antinuclear antibody, anti-neutrophil cytoplasmic anti-
body, extractable nuclear antigen, HbAlc, vitamin B,
folate, vitamin E, and immunoglobulins.

Patient selection was independent of clinical in-
dicators for a neuropathy. Subjects were graded ac-
cording to severity of hepatic disease with two quan-
tification systems in common use: Child-Pugh
score/grade and the model for end-stage liver dis-
ease (MELD) score.?237 The former utilizes serum
levels of bilirubin, albumin, and prothrombin as well
as clinical features of ascites and encephalopathy,
rendering a score from 5 to 15. The latter is calcu-
lated according to the following formula:

MELD score=9.57Xlog.(creatinine in mg/dl)
+3.78Xlog.(bilirubin in mg/dl) +
11.2X1og, (INR) +6.43
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where INR is the international normalized ratio. The
MELD score range is 6 to 40 and may be more
sensitive at predicting survival in patients with
ESLD.20

Standard nerve conduction studies?® were per-
formed assessing amplitude, latency, conduction ve-
locity, and late responses in various nerves on the
one side (sensory: sural, superficial peroneal, radial;
motor: peroneal, tibial, median, ulnar). De Jesus’
correction formula (CV corrected = CV recorded X
(1.51) (it temp/10)y g1 perve conduction velocities
was employed when limb temperature was below
32°C in the hand and 31°C in the foot. Results were
deemed abnormal for that patient only if both lower-
limb sensory potentials were outside limits for am-
plitude or conduction velocity. Needle electromyo-
graphy (EMG) was performed of tibialis anterior and
gastrocnemius muscles. All studies were performed
on the right side.

Small-fiber function was assessed by means of the
Marstock method of limits (Somedic systems v2.2;
Horby, Skane, Sweden). Utilizing the Peltier princi-
ple, warm and cold detection thresholds were quan-
tified in response to 1°C/s changes in a 2.5 X 5 cm
thermode applied to the thenar eminence in the
right upper limb and to the lateral dorsum of the
foot in the right lower limb, starting at the patient’s
recorded limb temperature. The testing paradigm
was constrained by cooling to a minimum of 10°C
and warming to a maximum of 45°C.

Autonomic function was assessed by measuring
heart rate variability to deep breathing, standing,
and the Valsalva maneuver. In this fashion, expira-
tory—inspiratory RR interval (E-I interval), standing
30:15 ratio, and Valsalva ratio (VR) were obtained.
Additionally, the sympathetic skin responses (SSR)
to electrical stimulation in the hand and foot were
measured, with the presence of a response defining
normality. Nerve conduction and needle EMG were
performed using commercial systems (Nicolet Vi-
king v7.4; Madison, Wisconsin) including the assess-
ment of heart rate variability with Nicolet MMP soft-
ware. Conduction and quantitative sensory testing
(QST) results were compared with existing laborato-
ry-derived normal limits (mean * 2.5 SD) and auto-
nomic measurements were compared with published
normative data.*> Nerve conduction and autonomic
testing conformed to published guidelines for their
testing.!2

Certain clinical and neurophysiological charac-
teristics were amalgamated to provide a modified
total neuropathy (TNS) score.!® The composite
score in this study omitted vibration studies and
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therefore carried a theoretical maximum score of
36.

Nerve excitability studies were performed using a
previously described automated technique for assess-
ing multiple excitability parameters.?> For motor
studies, compound muscle action potentials
(CMAPs) were recorded from surface electrodes
over abductor pollicis brevis and tibialis anterior.
Stimuli were delivered via nonpolarizable circular
gel disc electrodes (3M, Rochester, MN) with the
cathode over the median nerve at the wrist or the
common peroneal nerve at the fibular neck. The
anode was placed at a point 14 cm proximal to and
remote from the nerve on the same limb. For sen-
sory studies, antidromic sensory nerve action poten-
tials (SNAPs) were recorded from ring electrodes on
the index finger using the same stimulation points as
above for the median nerve. Skin temperature close
to the stimulation site was monitored carefully
throughout this recording and registered at least
32°C.

Stimulation, recording, and analysis of excitabil-
ity data were carried out by QTRAC software (Institute
of Neurology, Queen Square, London, UK), with the
recording protocols TRONDCM for motor?® and
TRONDCS for sensory.?6 A stimulus-response curve
was recorded using pulses of 1 ms duration, which
were stepped up slowly to supramaximal intensity. A
target response amplitude was then set to the steep-
est part of the curve, between 30% and 50% of the
maximal response. Automatic threshold tracking was
used to maintain this target response level as the
stimulus conditions were changed. First, the
strength—duration relationship was determined
from 5 different pulse widths between 0.2 and 1 ms.
A plot of stimulus charge vs. duration was then used
to derive rheobase and strength—duration time con-
stant according to Weiss’ law.5-36:44 To record thresh-
old electrotonus, 100 ms depolarizing and hyperpo-
larizing conditioning currents were delivered at
+20% and *40% of the control threshold current
and the test stimulus required to elicit the target
response was determined at various latencies during
and after the conditioning current.*>2> Current—
threshold relationships were also recorded at the
end of 200 ms conditioning currents of varying sub-
threshold intensity from 50% (depolarizing) to
—100% (hyperpolarizing) of the control threshold
current. Finally, test stimuli were delivered to track
threshold changes at various latencies from 2-100
ms after a supramaximal conditioning stimulus to
derive recovery cycle data.

All patients and control subjects had the follow-
ing serum levels measured at the time of testing:
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sodium, potassium, calcium, phosphate, bicarbon-
ate, random glucose, urea, and creatinine. In addi-
tion, measurements of bilirubin, prothrombin, INR,
albumin, alkaline phosphatase, alanine transferase,
gamma glucoronyltranferase, and ammonia were
made in the patients.

Etiological groups were examined for the preva-
lence of neurophysiological abnormalities. Age, se-
verity scores, and biochemical indices were com-
pared with various neurophysiological parameters.
Where appropriate, chi square, Student’s ¢test, or
Pearson’s correlation analysis were applied and the
results were considered significant for P < 0.05.

RESULTS

Clinical Features. The etiologies of cirrhosis for the
11 patients are listed in Table 1. All diagnoses were
confirmed by liver biopsy and patients had normal
fasting and random serum glucose profiles. The
mean creatinine clearance was 84.9 ml/min (47.5-
128 ml/min), with seven patients outside the normal
range (100-130 ml/min).

No particular major etiological category had
more severe liver impairment (Table 1). The age of
subjects bore no clear relation to the severity of liver
impairment. Eight patients had no symptoms of neu-
ropathy. The remaining three had peripheral numb-
ness or tingling parasthesias. None gave a history of
weakness, although four had had cramps. Small- or
large-fiber sensory signs were detected in six patients
and there was no weakness detected in any patient.
Patient 4 had reduced vibration to the knees and
mild joint position sense impairment at the toes;
patients 6 and 10 had a mild reduction in vibration
sense at the first metatarsophalangeal joint; patients
2, 9, and 8 had reduced pinprick in a stocking dis-
tribution to the toes, ankles, and mid-leg, respec-
tively.

Large- and Small-Fiber Function. Four subjects had
definite abnormalities in large-fiber nerve conduc-
tion, with only one of these manifesting symptoms
(Table 1). These four had abnormally small or
slowed sensory action potentials in the lower limbs.
Although three patients had small CMAP amplitudes
in at least one of the motor nerves tested in the lower
limbs, no patient had a needle EMG abnormality in
the two muscles examined routinely. F-wave latencies
were individually within normal limits but there was
a general prolongation above published mean nor-
mative values for height. Values of median nerve
motor conduction velocity and ulnar CMAP ampli-
tude correlated with Child-Pugh (median CV Pear-
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Table 1. Summary of clinical and standard neurophysiological assessments.

CP score/ Sensory Sensory
No. Etiology Age MELD grade symptoms signs NCS AFTs QST NS
1. Polycystic disease 38 10 5/A - none — - — 0
2. Alcohol 60 11 6/A - SF - ? + 2
3. PSC/HBV 35 11 6/A + none - - + 1
4. Secondary BC 69 12 6/A - LF + + + 4
5. Primary BC 58 12 8/B + none + - + 2
6. Alcohol 60 12 9/B - LF + - + 4
7. Alcohol/HCV 49 12 9/B - none + + + 0
8. Alcohol 46 13 8/B + SF - + + 6
9. PSC 29 14 8/B - SF - - + 3
10. HCV 61 15 9/B - LF - + + 1
11. Primary BC 50 21 11/C - none - - + 0

Subjects listed in order of MELD score, secondarily Child - Pugh score. AFTs, autonomic function tests; CP, Child-Pugh; BC, biliary cirrhosis; HBV, chronic
hepatitis B; HCV, chronic hepatitis C; LF, large-fiber signs; NCS, nerve conduction study; PSC, primary sclerosing cholangitis; QST, quantitative sensory
thermal threshold testing; SF, small-fiber signs; TNS, total neuropathy score; +, symptoms present or abnormal result; —, symptoms absent or normal result.
Heart rate variability measurement in patient 2 was not possible because of frequent ventricular ectopic beats.

son’s r = —0.72; P = 0.01 and r = —0.76; P = 0.01,
respectively) and MELD scores (r = —0.63; P = 0.04
and r = —0.66; P = 0.04, respectively) with lower
values of velocity and amplitude in more severe dis-
ease. There was no relationship of the modified TNS
to MELD scores. Autonomic function tests (Table 1)
were outside normal limits for age in one of four
tests in four subjects and in two of four tests in one
subject, with no apparent relationship to severity
scores.

QST revealed abnormalities in all but one pa-
tient. Abnormalities were more marked in the lower
than upper limbs, showing a disproportionate eleva-
tion of the warm detection thresholds over that of
cold, worst for those with alcohol and viral liver
disease (Fig. 1). This pattern was compared against a
consecutive series of 53 patients studied at the same
institution. These were unselected except for the
finding of small-fiber dysfunction using the same
method. Such patients suffered from various condi-
tions such as diabetes mellitus, paraproteinemic neu-
ropathy, Guillain—Barré syndrome, and systemic
amyloidosis. None had liver disease, and a definitive
diagnosis for neuropathy was not possible in some.
Mean ratios of warm to cold values were not signifi-
cantly different in the study group compared to these
patient controls [mean WDT: CDT ratio ESLD, 5.1
(range 1.5-9.3); patient controls, 4.8 (range 0.6-16)].

Nerve Excitability Abnormalities. For the median
motor study, patients and controls were similar for
age, temperature, and serum potassium, which have
a significant influence on the study parameters.
There was a shift to the right in the stimulus—

Nerve Excitability in ESLD

response curve with an increase in rheobase (P =
0.02), with comparable peak CMAP amplitudes (Fig.
2). Strength—duration time constants were identical.
Threshold electrotonus (TE) demonstrated a fan-

N S

FIGURE 1. Just detectable warm and cold thresholds for upper
(A) and lower (B) limb denoted by columns above and below the
x axis, respectively. Dotted lines indicate the upper limits of
normal detection as defined by mean = 2.5 SD of control values.
Patients 2 and 3 had no upper detectable limit, constrained by the
maximum 45°C testing paradigm. Group mean starting temper-
ature was 33.1°C for the hand and 31.7°C for the foot.
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FIGURE 2. Comparison of excitability plots (mean = 1 SE) for median motor (1), peroneal motor (2), and median sensory (3) parameters,
respectively: (A) threshold charge—stimulus duration relationship; (B) threshold electrotonus; (C) current-threshold relationship; (D)
recovery cycle. Filled circles, liver disease; empty circles, controls.

ning-in or smaller threshold changes than normal to
100-ms depolarizing and hyperpolarizing currents.
There were significantly reduced threshold changes
to 40% of threshold depolarizing current at 10-20
ms [TEd (10-20ms)], peak and 90-100 ms (P =
0.03, 0.01, and 0.01, respectively), and a nonsignifi-
cant reduced threshold change to an equivalent hy-
perpolarizing current. The resting current—thresh-
old (I/V) slope was steeper in patients than controls
(P = 0.008). Recovery cycle parameters showed sig-
nificantly reduced peak superexcitability (P = 0.01)
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but nonsignificant reductions in subexcitability. The
summary data for these and other excitability param-
eters are presented in Table 2. The abnormalities in
TEd (90-100ms), superexcitability, and resting cur-
rent—threshold slope occur in the parameters most
sensitive to membrane potential and imply a state of
resting membrane depolarization.?4

No difference existed between the patient sub-
groups subdivided by alcohol etiology for the three
excitability parameters most dependent on mem-
brane potential (Fig. 3). The nonalcohol subgroup
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Table 2. Median nerve motor excitability data.

Liver disease

Normal controls Patients vs. controls

Mean +SE Mean +SE P-value
Age (years) 50.55 +3.8 48.37 +2.49 0.63
Temperature (C) 33.56 +0.37 33.07 +0.20 0.22
Potassium (mmol/L) 4.05 +0.09 419 +0.05 0.15
Peak response (mV) 7.06 +1.1 7.74 +1.1 0.50
Stimulus response slope 5.10 +1.1 4.63 +1.1 0.28
Threshold (mA) for 50% CMAP 9.80 *1.1 6.87 *1.1 0.03
SDTC (ms) 0.42 +0.02 0.42 +0.02 0.90
Rheobase (mA) 6.83 +1.1 4.61 +1.1 0.02
TEd (10-20ms) 65.3 +2.0 70.1 +1.1 0.03
TEd(peak) 64.4 *1.9 69.5 +1.0 0.01
TEd(90-100ms) 40.8 14 45.6 +1.0 0.01
TEd(undershoot) -17.8 +1.2 -18.6 +0.8 0.58
TEh(10-20ms) -73.2 +2.4 -76.3 +1.2 0.20
TEh (90-100ms) -128 +7.8 —-132 +4.2 0.70
TEh(slope 101-140ms) 2.02 +0.1 2.22 +0.1 0.16
TEh(overshoot) 12.2 +1.3 14.7 +1.0 0.15
Resting I/V slope 0.72 +0.06 0.58 +0.03 0.008
Minimum 1/V slope 0.21 +9.9x 10°° 0.22 +8.1 X 10°° 0.46
Hyperpolarizing I/V slope 0.30 +0.02 0.36 +0.02 0.07
RRP (ms) 3.19 11 2.96 +1.0 0.16
Refractoriness at 2 ms 88.3 +22 82.2 +11 0.78
Superexcitability (%) -18.8 *2.0 —24.8 *1.3 0.01
Subexcitability (%) 12.0 +1.0 13.8 +1.0 0.31

RRP, relative refractory period; SDTC, strength—duration time constant; TEd, depolarizing threshold electrotonus; TEh, hyperpolarizing threshold electrotonus.

Comparisons made with Student’s t-test. Significant values in bold.

was still significantly different from controls in TEd
(90-100ms) and resting 1/V slope (P = 0.04 and
0.006, respectively). However, the subgroups were
strikingly different with respect to relative refractory
period, which was prolonged in the alcohol patients,
as previously reported for sensory fibers.! This dif-
ference could not be accounted for by any difference
in age or temperature.

Reduced superexcitability (P = 0.03) was also
found in lower-limb motor excitability studies (Fig.
2). Median sensory studies demonstrated an increase
in rheobase, a decrease in threshold to depolarizing
electrotonus, and an increase in threshold to hyper-
polarizing electrotonus.

None of the above significantly different excit-
ability parameters were related to hepatic impair-
ment scores, large- or small-fiber signs, auto-
nomic dysfunction, or the modified total neuropathy
score. Weak correlations were observed of TEd (90—
100ms) to bicarbonate levels (r = —0.61; P = 0.04)
and resting 1/V slope to glucoronyltranferase levels
(r=10.67; P = 0.03).

DISCUSSION

This study confirmed previous evidence that liver
failure, irrespective of its cause and accompanying
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disorders, can damage somatic and autonomic
nerves. After comparing the sensitivity of different
measures of peripheral nerve dysfunction, this dis-
cussion focuses on the implications of our new nerve
excitability data for the pathophysiology of hepatic
neuropathy

Somatic Nerve Dysfunction. Large-fiber conduction
studies were abnormal in a smaller proportion of our
patients than in other studies, probably reflecting
the relatively mild level of liver dysfunction in our
subjects, with the majority in Child’s class B. Most
abnormalities were seen in the lower limbs, in keep-
ing with a length-dependent process. These changes
may be due to primary axonal degeneration.

We found that thermal detection determined by
the method of limits was a more sensitive test of
neuropathy than any electrophysiological method.
Ten of our 11 patients (91%) had abnormal thermal
perception, including in every case a raised warm
detection threshold in the lower limb. In compari-
son, the yield was 82% utilizing both clinical and
large-fiber conduction data.

Two other studies have quantified small-fiber dys-
function in hepatic disease. Chaudhry et al.8 only
addressed cold detection, and the lower prevalence
of abnormalities in thermal perception reported by
Gentile et al.'> may have been due to their use of the
forced choice method. Unmyelinated C-fiber func-
tion appears reduced, and A-delta fibers are proba-
bly also affected given the abnormalities of cold
detection. These findings may be relevant to the
observation that itch is a common complaint in liver
disease, especially of cholestatic origin, and it may be
mediated by a subset of C-fibers.*® All our patients
reported this complaint to some extent when ques-
tioned.

Autonomic Changes. The finding of small-fiber dys-
function in liver disease accords with the high prev-
alence of autonomic dysfunction.®!417.3343 Most in-
vestigators report greater parasympathetic than
sympathetic involvement, perhaps further support-
ing a length-dependent process. We did not find a
clear relationship of autonomic disturbance to noci-
ception. Autonomic neuropathy is frequently seen in
alcoholic cirrhosis® and the presence of autonomic
dysfunction has been associated with increased mor-
tality.!*!7 In two of the four patients with an auto-
nomic abnormality, past chronic alcoholism may
have been contributory. The lower proportion of
patients with autonomic disturbance may be due to
our relatively smaller battery of tests. Autonomic and
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somatic neuropathy often coexist,® an association we
did not find.

Potential Study Confounders. Alcohol is one of two
potential confounding factors in hepatic neuropa-
thy. All our patients with a history of alcoholism had
been abstinent for at least a year, and most consid-
erably longer. Gentile et al.!> were able to find al-
tered thermal perception in their alcohol subgroup,
whereas we did not, but it is unclear whether their
patients had been abstinent. Others have argued
that their observations were independent of alcohol,
as their subgroup analyses showed no significant
difference in neurophysiological results.2!:29:38 One
study of alcoholic polyneuropathy that also used
QST found greater cold than warm detection abnor-
malities (62% vs. 24%), suggesting more A-delta
than CAfiber involvement, a different pattern from
our findings.!? We found greater refractoriness (Fig.
3D), an abnormality previously associated with alco-
holism,! suggesting a prolongation of sodium chan-
nel inactivation, but the numbers were too small to
draw any firm conclusions.

A second possible confounder is primary biliary
cirrhosis, which has been associated with an auto-
nomic and sensory demyelinating neuropathy.2223
There were only two such patients in our group,
which were not exceptional in any respect.

Nerve Excitability Abnormalities and Pathophysiologi-
cal Inferences. The changes found in nerve excit-
ability strongly suggest depolarization of the resting
axonal membrane potential. Membrane depolariza-
tion is indicated most sensitively by reduced depo-
larizing threshold electrotonus (TEd 90-100ms), in-
creased resting slope of the current-threshold
relationship, and reduced superexcitability,?* and
these same abnormalities were the most significant
in our study. It is by no means clear, however, that
membrane depolarization is directly involved in the
pathophysiology of the neuropathy. The degree of
membrane depolarization implied by the excitability
measurements is appreciably less than that in end-
stage kidney disease and very small in absolute
terms.?” Rough estimates of membrane potential
change can be made using the data from a nerve
polarization study.?* For example, superexcitability
was reduced by 19.9% per mA depolarizing current,
estimated as roughly equivalent to 4 mV, so that a
reduction by 5.9% (from 24.75% to 18.82%, Table
2) in ESLD implies a depolarization of only 1.2 mV.
Similarly, the reduction of 4.8% in TEd (90-100ms)
implies a depolarization of about 1 mV. If the level of
axonal depolarization in ESLD is only on the order
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of 1 mV, and less than the variability between normal
subjects, it is doubtful that this is responsible for the
development of neuropathy. Interestingly, almost
identical excitability changes were recently reported
in motor axons in Fabry disease.*! Those findings
were interpreted as indicative of mild depolariza-
tion, probably due to ischemia resulting from poor
nerve perfusion. Although seven of the patients had
a subnormal creatinine clearance, the mild axonal
depolarization evidenced in our study cannot be
ascribed to hyperkalemia as in kidney disease, and it
seems likely that, as in Fabry disease, endoneurial
ischemia was responsible. This interpretation is sup-
ported by histopathological studies.®

A possible mechanism for ischemia may be anal-
ogous to the situation in the kidney in hepatorenal
syndrome. Here, an imbalance of potent vasocon-
strictors such as endothelin, and vasodilators includ-
ing nitric oxide, is thought to play a role in reduced
microscopic vascular perfusion, and such factors may
be similarly at play at the endoneurial level.16:34 Sup-
porting evidence for an ischemic/anoxic environ-
ment of the axons in liver disease comes from the
observation that they exhibit increased resistance to
ischemia,?!*® a phenomenon that can be induced
experimentally by chronic hypoxia.?! Although isch-
emia, sufficient only to depolarize axons by about 1
mV, may not appear a sufficient insult to cause a
neuropathy, it should be remembered that the ex-
citability testing sampled large axons only, and only
those at a single site (wrist or fibular head), and for
only a few minutes. More serious endoneurial isch-
emia and depolarization, sufficient to interfere with
homeostatic mechanisms essential for axonal integ-
rity, may occur in other fibers at other sites and
times, especially if the process is linked to intravas-
cular perfusion pressure.

A significant number of our patients reported
cramps, probably as a result of intramuscular nerve
axonal hyperexcitability.?> Multiple factors have
been proposed for its causal role in cirrhosis, but
one experimental study showed that intravascular
volume depletion was important.? This appears to be
supported by our study, although the patients with
cramps did not exhibit the most marked changes in
nerve excitability.

The authors thank W. Z’Graggen, A. George, M. Koltzenburg, A.
Baker, D. Dobson, and P. Allen for assistance with this study.
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