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ABSTRACT

Background Ethylene glycol poisoning causes met-
abolic acidosis and renal failure and may cause
death. The standard treatment is inhibition of alco-
hol dehydrogenase with ethanol, given in intoxicat-
ing doses, and adjunctive hemodialysis. We studied
the efficacy of fomepizole, a new inhibitor of alcohol
dehydrogenase, in the treatment of ethylene glycol
poisoning.

Methods We administered intravenous fomepizole
to 19 patients with ethylene glycol poisoning (plas-
ma ethylene glycol concentration, =20 mg per deci-
liter [3.2 mmol per liter]). Patients who met specific
criteria also underwent hemodialysis. Treatment was
continued until plasma ethylene glycol concentra-
tions were less than 20 mg per deciliter. Acid—base
status, renal function, the kinetics of fomepizole, and
ethylene glycol metabolism were assessed at prede-
termined intervals.

Results Fifteen of the patients initially had acido-
sis (mean serum bicarbonate concentration, 12.9
mmol per liter). Acid—base status tended to normal-
ize within hours after the initiation of treatment with
fomepizole. One patient with extreme acidosis died.
In nine patients, renal function decreased during
therapy; at enrollment, all nine had high serum cre-
atinine concentrations and markedly elevated plas-
ma glycolate concentrations (=97.7 mg per deciliter
[12.9 mmol per liter]). None of the 10 patients with
normal serum creatinine concentrations at enroll-
ment had renal injury during treatment; all 10 had
plasma glycolate concentrations at or below 76.8 mg
per deciliter (10.1 mmol per liter). Renal injury was
independent of the initial plasma ethylene glycol
concentration. The plasma concentration of glyco-
late and the urinary excretion of oxalate, the major
metabolites of ethylene glycol, uniformly fell after
the initiation of fomepizole therapy. Few adverse ef-
fects were attributable to fomepizole.

Conclusions In patients with ethylene glycol poi-
soning, fomepizole administered early in the course
of intoxication prevents renal injury by inhibiting the
formation of toxic metabolites. (N Engl J Med 1999;
340:832-8.)
©1999, Massachusetts Medical Society.
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THYLENE glycol poisoning may cause se-

vere morbidity and death.! Though not

toxic itself, ethylene glycol is converted by

alcohol dehydrogenase to active metabo-
lites-2 (Fig. 1) that cause metabolic acidosis, renal
failure, hypocalcemia, oxaluria, damage to the cen-
tral nervous system and cranial nerves, and cardio-
vascular instability.?

Standard treatments for ethylene glycol poisoning
are hemodialysis and inhibition of alcohol dehydro-
genase,l* the latter by the intravenous or oral ad-
ministration of high (intoxicating) doses of ethanol.
The accepted target plasma ethanol concentration is
100 to 125 mg per deciliter (21.7 to 27.1 mmol per
liter).! Since patients are treated with large doses of
ethanol and become intoxicated, they must be close-
ly monitored. If ethanol therapy is prolonged, pa-
tients are also at risk for hepatotoxicity and hypogly-
cemia. In addition, the kinetics of ethanol metabolism
are unpredictable, so blood ethanol concentrations
must be measured frequently, and the dose of etha-
nol adjusted accordingly.>¢

Fomepizole (4-methylpyrazole) is an inhibitor of
alcohol dehydrogenase that appears to have none of
the adverse effects of ethanol on administration.1-2711
In animals, fomepizole inhibits alcohol dehydrogen-
asel® and is an effective treatment for ethylene glycol
poisoning.!? It has also proved effective, in nine cas-
es, for the treatment of ethylene glycol poisoning in
humans.1216 We report the results of a prospective
study of fomepizole in the treatment of 19 patients
with ethylene glycol poisoning.

METHODS

Between November 1995 and August 1997, we studied 23
consecutive patients with confirmed or possible ethylene glycol
poisoning. Three other patients were not enrolled because we
were unable to obtain consent from one and were not alerted to
the cases of two other patients.

The criteria for enrollment were an age of at least 12 years and
one of the following three sets of characteristics: a plasma ethyl-
ene glycol concentration of at least 20 mg per deciliter (3.2 mmol
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Figure 1. Metabolism of Ethylene Glycol and Inhibition of Alco-
hol Dehydrogenase by Fomepizole.

per liter); suspected ingestion of ethylene glycol and three of four
specific laboratory findings (an arterial pH below 7.3, a serum bi-
carbonate concentration less than 20 mmol per liter, a serum os-
molar gap greater than 10 mOsm per liter, and oxaluria); or sus-
pected ingestion of ethylene glycol within the preceding hour
and a serum osmolar gap greater than 10 mOsm per liter. The
exclusion criteria were the administration of ethanol at the par-
ticipating hospital, known reactions to pyrazoles, and pregnancy;
no patients were excluded on the basis of these criteria.

The study was approved by the appropriate institutional review
boards at all the participating centers. Written informed consent
was obtained from the patient if he or she was lucid; otherwise,
consent was obtained from the closest available relative or legal
guardian, or if neither was available, from two physicians unin-
volved with the trial.

Treatment Protocol

Fomepizole (Antizol, provided by Orphan Medical, Minneton-
ka, Minn.) was administered intravenously in a loading dose of 15
mg per kilogram of body weight, followed by 10 mg per kilogram
every 12 hours for 48 hours, after which the dose was increased

to 15 mg per kilogram every 12 hours to compensate for in-
creased fomepizole metabolism.!” These doses were based on pre-
clinical studies.!17 The patients were treated with fomepizole un-
til the plasma ethylene glycol concentration was less than 20 mg
per deciliter.

After the loading dose of fomepizole had been administered,
hemodialysis was begun for any of the following reasons: an ar-
terial pH below 7.1, a decrease of more than 0.05 in the arterial
pH despite the intravenous administration of sodium bicarbonate,
an arterial pH below 7.3 despite the intravenous administration
of sodium bicarbonate, a decrease in the serum bicarbonate con-
centration of more than 5 mmol per liter despite bicarbonate
therapy, a serum creatinine concentration greater than 3 mg per
deciliter (265 umol per liter), an increase in the serum creatinine
concentration of 1 mg per deciliter (88 umol per liter) or more,
or an initial plasma ethylene glycol concentration of 50 mg per
deciliter (8.1 mmol per liter) or greater.

Monitoring of Patients

The patients received continuous cardiac monitoring during the
trial. Investigators examined all the patients daily. Complete blood
counts and measurements of serum electrolytes, urea nitrogen, cre-
atinine, calcium, liver-function values, plasma ethylene glycol, and
arterial-blood gases were performed at the participating centers at
enrollment and at predetermined intervals ranging from 2 to 24
hours during the trial. Electrocardiography and urinalysis were per-
formed every 24 hours. Urinary volume was measured every 12
hours, and aliquots of each sample were assayed for oxalate at the
reference laboratory.!8 If there was a delay between the initial
presentation at the hospital and enrollment in the trial, the meas-
urements of serum electrolytes, urea nitrogen, arterial pH, and
plasma glycolate and ethylene glycol were repeated one hour or
less before treatment with fomepizole was begun. All the patients
also underwent comprehensive toxicology screening at the time
of enrollment.

Plasma concentrations of ethylene glycol, glycolate (the pre-
dominant circulating metabolite of ethylene glycol), ethanol,
and fomepizole were measured at the reference laboratory at
Louisiana State University Medical Center, as previously de-
scribed.!?2! The values of plasma ethylene glycol determined lo-
cally were used to guide the administration of fomepizole. The
values presented in this report were determined at the reference
laboratory.

The investigators at the participating centers documented any
adverse effects, including the date of onset, intensity, relation to
fomepizole, and outcome.

End Points

The end points of the study were the development of renal in-
jury (high serum creatinine concentrations), additional produc-
tion of ethylene glycol metabolites (an increase in either the plas-
ma glycolate concentration or the urinary excretion of oxalate
after the administration of fomepizole), and the development of
cranial neuropathies. Patients with high serum creatinine concen-
trations were followed as outpatients until the values had re-
turned to normal.

Statistical Analysis

Data entered on case-report forms by investigators at the par-
ticipating centers were verified by a study nurse who visited each
site and reviewed medical records. Mean values were compared
with the use of Student’s unpaired t-tests. The correlation be-
tween arterial pH values and plasma glycolate concentrations was
determined by calculating Pearson’s correlation coefficient.

RESULTS

Among the 23 patients initially enrolled in the
study, 4 who met the criteria for enrollment were
subsequently found not to have plasma ethylene gly-
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TABLE 1. BASE-LINE CHARACTERISTICS OF 19 PATIENTS WITH ETHYLENE GLYCOL POISONING.*

PATIENTS WITH PATIENTS WITHOUT

ALL PATIENTS RENAL INJURY RENAL INJURY P
CHARACTERISTIC (N=19) (N=9) (N=10) VALUET
Sex (E/M) 2/17 1/8 1/9
Age (yr) 0.55
Mean 41 43 40
Range 19-73 28-60 19-73
Time from ingestion of ethylene glycol to 0.004
treatment with fomepizole (hr)t
Mean 114 15.1 9.6
Range 6.6-20.8 9.0-20.8 6.6-13.9
Plasma ethylene glycol (mg/dl) 0.34
Mean 123 99 144
Range 24-446 24-213 26-446
Plasma glycolate (mg/dl) <0.001
Mean 89.7 159 28.1
Range 0-264.4 97.7-264.4 0-76.8
Serum creatinine (mg/dl) <0.001
Mean 15 2.2 0.9
Range 0.6-3.3 1.5-3.3 0.6-1.2
Arterial pH§ 0.003
Mean 7.24 714 7.34
Range 6.93-747 6.93-7.35 716-747
Serum bicarbonate (mmol/liter) <0.001
Mean 12.9 6.8 17.8
Range 4.0-28.0 4.0-9.8 5.0-28.0
Plasma ethanol (mg/dl) 0.87
Mean 60 63 58
Range 0-181 0-181 0-172

*To convert the values for plasma ethylene glycol to millimoles per liter, multiply by 0.161. To convert the values for
plasma glycolate to millimoles per liter, multiply by 0.132. To convert the values for serum creatinine to micromoles per
liter, multiply by 88.4. To convert the values for plasma ethanol to millimoles per liter, multiply by 0.217.

1The P value is for the comparison between patients with renal injury and those without renal injury.

fTime to treatment was unknown for four patients with renal injury.

§Arterial pH was not determined in one patient who did not have renal injury.

col concentrations greater than 20 mg per deciliter
or not to meet other criteria for entry. Three of
them did not have ethylene glycol poisoning; one
had alcoholic ketoacidosis, one had acetaminophen
poisoning, and one had a misdiagnosis of ethylene
glycol poisoning (laboratory error). The fourth pa-
tient was excluded because her initial plasma ethyl-
ene glycol concentration was 9.7 mg per deciliter
(1.6 mmol per liter). These four patients were given
fomepizole and were included only in the analyses
of adverse events and pharmacokinetics. The mean
(=SD) age of the 23 patients was 42+12 years and
that of the 19 patients in the analysis of efficacy was
41+13 years (Table 1).

Fourteen of the 19 patients had consumed radia-
tor antifreeze. The source of ethylene glycol in the
other patients could not be determined. One patient
had also ingested 150 mg of doxepin, one had in-
gested 300 mg of cyclobenzaprine, one had taken
cocaine, and one had drunk gasoline. In 12 patients
plasma ethanol was detectable, in 4 of them at con-
centrations greater than 100 mg per deciliter (21.7
mmol per liter). Twelve patients had oxalate crystal-
uria and eight had microscopical hematuria.

834 - March 18, 1999

Characteristics at Presentation

At presentation, 7 of the 19 patients were awake,
7 were comatose, 3 were inebriated, and 2 were le-
thargic. Nine patients had high serum creatinine con-
centrations, and 15 had metabolic acidosis and low
serum bicarbonate concentrations (Table 1). The ini-
tial arterial pH value was inversely correlated with
the plasma glycolate concentration (r=-—0.84, P<
0.001) (Fig. 2).

Clinical Course

Seventeen patients underwent hemodialysis. The
19 patients were given an average of 3.5 doses of fo-
mepizole (range, 1 to 7) over an average of 17.8
hours (range, 5 to 58). Plasma glycolate concentra-
tions decreased progressively in all the patients (Fig.
3A). Concomitantly, arterial pH values and serum
bicarbonate concentrations increased progressively
(Fig. 3B and 3C, respectively). Clinical improve-
ment was correlated with the normalization of acid—
base status. None of the patients had a spontaneous
deterioration in mental status or hypoglycemia after
the initiation of therapy. The plasma fomepizole
concentration during therapy usually ranged from
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Figure 2. Plasma Glycolate Concentrations in Relation to Arte-
rial pH at the Time of Enroliment in 18 Patients with Ethylene
Glycol Poisoning.

Plasma glycolate and pH were measured within one hour of
each other. The line was determined by least-squares re-
gression analysis. To convert the values for plasma glycolate
to millimoles per liter, multiply by 0.132. Seventeen data points
are shown because 2 of these 18 patients had overlapping
values.

15 to 30 ug per milliliter (183 to 366 wmol per li-
ter), but occasionally, the values were lower. The
mean half-time of elimination of ethylene glycol from
plasma was 19.7*1.3 hours. None of the patients in
whom plasma glycolate concentrations were unde-
tectable at enrollment had measurable concentra-
tions during therapy. Urinary oxalate excretion de-
creased in all the patients during treatment with
fomepizole. Data from two representative patients
are shown in Figure 4.

Outcome

Eighteen of the 19 patients survived their acute
illness. The patient who died had an arterial pH of
7.05 and an acute myocardial infarction before en-
rollment. He died from cardiogenic shock 22 hours
later. None of the patients had cranial neuropathy.

All nine patients with high serum creatinine con-
centrations at enrollment had a further increase (peak
value, 2.4 to 14.7 mg per deciliter [212 to 1299
pmol per liter]) during treatment. These nine pa-
tients presented later and had more severe acidosis
at the time of presentation than those who had nor-
mal serum creatinine concentrations. The serum
creatinine concentration became normal in six of
the nine patients, and ranged from 1.5 to 3.8 mg
per deciliter (133 to 336 wmol per liter) in the oth-
er three patients at the time of the last measure-
ment. All the patients in whom renal injury devel-
oped had plasma glycolate concentrations of at least
98 mg per deciliter (12.9 mmol per liter) at enroll-
ment. No signs of renal injury developed in any pa-
tient whose initial plasma glycolate concentration
did not exceed 76.8 mg per deciliter (10.1 mmol
per liter) or whose initial serum creatinine concen-
tration was normal.
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Figure 3. Mean (£SE) Plasma Glycolate Concentrations (Panel
A), Arterial pH (Panel B), and Serum Bicarbonate Concentra-
tions (Panel C) over Time during the First Day of Fomepizole
Therapy in 19 Patients with Ethylene Glycol Poisoning.

The value at time zero was obtained within an hour before the
initiation of fomepizole therapy. The plasma glycolate values
are for the 14 patients in whom plasma glycolate was detected
at enrollment. To convert plasma glycolate values to millimoles
per liter, multiply by 0.132.
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Figure 4. Serial Plasma Glycolate, Fomepizole, Ethanol, and
Ethylene Glycol Concentrations and Urinary Oxalate Excretion
in Two Patients with Ethylene Glycol Poisoning.

Panel A shows the values in a 73-year-old man who presented
seven hours after ingesting antifreeze in an attempt at suicide.
His initial arterial pH was 7.22. He was treated with fomepizole,
underwent hemodialysis for six hours, and recovered unevent-
fully. Panel B shows the values in a 35-year-old woman who
presented six hours after ingesting antifreeze in an attempt at
suicide. Her initial arterial pH was 7.42. She was treated with
fomepizole, underwent hemodialysis twice (initially for four
hours and subsequently for two hours), and recovered un-
eventfully. To convert the values for plasma ethylene glycol to
millimoles per liter, multiply by 0.161. To convert the values for
plasma glycolate to millimoles per liter, multiply by 0.132. To
convert the values for serum creatinine to micromoles per liter,
multiply by 88.4. To convert the values for plasma ethanol to
millimoles per liter, multiply by 0.217.

Adverse Effects

No adverse effects were rated by the local investi-
gators as either definitely or probably related to fo-
mepizole. The only adverse effects rated as possibly
related to fomepizole were bradycardia, seizure, and
headache. One 35-year-old man had transient brady-
cardia (heart rate, 50 to 60 beats per minute) 2.5
hours after he received his first dose of fomepizole.
The other episode of bradycardia (heart rate, 60
beats per minute) occurred in a 20-year-old man 16
hours after his last dose. A 57-year-old man had a
generalized seizure during an evolving myocardial
infarction that had begun before admission. This sei-
zure occurred 15 minutes after his first dose of fo-
mepizole. The second patient who had a seizure was
a 33-year-old man in whom one 45-to-60-second
seizure occurred 15 minutes after the administration
of the first dose. This patient had no further seizures
after subsequent doses. Two patients had headaches:
one 16 hours after his last dose of fomepizole and
one during the second day of a two-day course of
therapy.

DISCUSSION

The results of this study suggest that fomepizole
is a safe and effective antidote in the treatment of
ethylene glycol poisoning. The plasma concentra-
tion of fomepizole that is necessary to inhibit alco-
hol dehydrogenase is approximately 0.8 ug per mil-
liliter,3:22 and this concentration was exceeded in our
patients. The decreases in plasma glycolate concen-
trations and urinary oxalate excretion indicated that
the metabolism of ethylene glycol was inhibited.
The inhibition of metabolite production coincided
with the resolution of metabolic acidosis, which oc-
curred a mean of three hours after the initiation of
therapy.

Renal function decreased during therapy in nine
patients, all of whom had had abnormal renal func-
tion at enrollment. In contrast, the patients with

normal serum creatinine concentrations at enroll-
ment had no change in renal function. This pattern
is similar to that of nine treated patients who have
been described in previous reports: only the three
with high serum creatinine concentrations at the
start of treatment with fomepizole had further in-
creases during treatment.2-16

The doses of fomepizole used in this study ap-
peared to have few side effects. The adverse effects
thought to be possibly related to fomepizole were
bradycardia, seizures, and headaches, but their clin-
ical course suggests that they were not related to fo-
mepizole. In addition, these side effects were not de-
scribed in phase 1 studies!®!! or in the previous case
reports of patients with ethylene glycol poisoning
who were treated with fomepizole.l216 In the case
reports, the adverse effects were a rash (in one pa-
tient), high serum aminotransferase concentrations
(in one), and eosinophilia (in two).!2 These effects
were not noted in any of our patients.

The standard treatment for ethylene glycol poi-
soning is ethanol, but this approach has not been
studied prospectively, and little information is avail-
able on the effect of ethanol on ethylene glycol me-
tabolism or on the rate of recovery. Because the ki-
netics of ethanol are unpredictable,5¢ patients have
traditionally received hemodialysis if their plasma
ethylene glycol concentrations exceeded 50 mg per
deciliter. All the patients in our study who had plas-
ma ethylene glycol concentrations in excess of this
value underwent hemodialysis, according to our
protocol. Fomepizole-treated patients who do not
have acidosis but who have higher plasma ethylene
glycol concentrations than those in our patients
would probably not require hemodialysis. The ratio
of urinary to serum ethylene glycol concentrations
is high, and the renal clearance is 17 to 70 ml per
minute.%23.2¢ In the absence of metabolite produc-
tion, as evidenced by an absence of acidosis, it is like-
ly that plasma ethylene glycol concentrations in ex-
cess of 50 mg per deciliter would be well tolerated
during treatment with fomepizole, as long as renal
function was normal.

This study has limitations. Although the data sug-
gest that fomepizole is effective, there was no un-
treated control group. Given the morbidity and
mortality associated with ethylene glycol poisoning,
inclusion of an untreated group was impossible. The
trial was not designed to compare fomepizole with
ethanol, but the results suggest that fomepizole has
several advantages. Fomepizole does not affect men-
tal status or cause hypoglycemia, and maintaining
therapeutic plasma concentrations is not difficult.

Supported by a grant from Orphan Medical to Toxicology Associates
and an Orphan Drug Development grant (FDR-001256-01) from the
Food and Drug Administration.

Dr. McMartin has a royalty agreement with Orphan Medical, the man-
ufacturer of fomepizole, and serves as a consultant to the company.

Volume 340 Number 11 - 837

Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



The New England Journal of Medicine

We are indebted to Wendell Rahorst for his technical assistance in
the preparation of this article.

APPENDIX

Other members of the Methylpyrazole for Toxic Alcohols Study Group
were G. Bogdan, R. Dart, K. Heard, L. Kokan, Denver; J. Akhtar, N. Ah-
san, H. Zimmerman, Hershey, Pa.; S. Curry, K. Wallace, Phoenix; C.
Aaron, M. Burns, C. Graudins, S. Hartigan, Worcester, Mass.; C. Hantsch,
D. Seger, Nashville; R. Berlin, D. Douglas, Portland, Oreg.; S. White, De-
troit; M. Kirk, Indianapolis; J. Hollander, Stony Brook, N.Y.; M. Ford, Wil-
liam Kerns, C. Tomaszewski, Charlotte, N.C.; C. McKay, Hartford, Conn.;
P. Wax, Rochester, N.Y.

REFERENCES

1. Jacobsen D, McMartin KE. Antidotes for methanol and ethylene glycol
poisoning. Clin Toxicol 1997;35:127-43.

2. Grauer GF, Thrall MA, Henre BA, Hjelle JJ. Comparison of the effects
of ethanol and 4-methylpyrazole on the pharmacokinetics and toxicity of
cthylene glycol in the dog. Toxicology Lett 1987;35:307-14.

3. Jacobsen D, McMartin KE. Methanol and ethylene glycol poisonings:
mechanism of toxicity, clinical course, diagnosis and treatment. Med Tox-
icol 1986;1:309-34.

4. Gabow PA, Clay K, Sullivan JB, Lepoff R. Organic acids in ethylene
glycol intoxication. Ann Intern Med 1986;105:16-20.

5. O’Neill B, Williams AF, Dubowski KM. Variability in blood alcohol
concentrations: implications for estimating individual results. J Stud Alco-
hol 1983;44:222-30.

6. Sturtevant FM, Sturtevant RP, Scheving LE, Pauly JE. Chronopharma-
cokinetics of ethanol. II. Circadian rhythm in rate of blood level decline
in single subject. Naunyn Schmiedebergs Arch Pharmacol 1976;293:203-
8

7. Blomstrand R, Ellin A, Lof A, Ostling-Wintzell H. Biological effects
and metabolic interactions after chronic and acute administration of
4-methylpyrazole and ethanol to rats. Arch Biochem Biophys 1980;199:
591-605.

8. McMartin KE, Hedstrom KG, Tolf BR, Ostling-Wintzell H, Blom-
strand R. Studies on the metabolic interactions between 4-methylpyrazole
and methanol using the monkey as an animal model. Arch Biochem Bio-
phys 1980;199:606-14.

9. Kager L, Ericsson JLE. Long term toxicity study with alcohol and
4-methylpyrazole in rat. Acta Pathol Microbiol Scand 1974;82:534-8.

838 - March 18, 1999

10. Jacobsen D, Sebastian CS, Blomstrand R, McMartin KE. 4-Meth-
ylpyrazole: a controlled study of safety in healthy human subjects after sin-
gle, ascending doses. Alcohol Clin Exp Res 1988;12:516-22.

11. Jacobsen D, Sebastian CS, Barron SK, Carriere EW, McMartin KE. Ef-
fects of 4-methylpyrazole, methanol /ethylene glycol antidote, in healthy
humans. ] Emerg Med 1990;8:455-61.

12. Baud FJ, Bismuth C, Garnier R, et al. 4-Methylpyrazole may be an
alternative to ethanol therapy for ethylene glycol intoxication in man.

J Toxicol Clin Toxicol 1986-87;24:463-83.

13. Baud FJ, Galliot M, Astier A, et al. Treatment of ethylene glycol poi-
soning with intravenous 4-methylpyrazole. N Engl ] Med 1988;319:97-100.
14. Harry D, Turcant A, Bouachour G, Houze P, Alquier P, Allain P. Effi-
cacy of 4-methylpyrazole in ethylene glycol poisoning: clinical and toxico-
kinetic aspects. Hum Exp Toxicol 1994;13:61-4.

15. Faessel H, Houze P, Baud FJ, Scherrmann JM. 4-Methylpyrazole
monitoring during haemodialysis of ethylene glycol intoxicated patients.
Eur J Clin Pharmacol 1995;49:211-3.

16. Jobard E, Harry P, Turcant A, Roy PM, Allain P. 4-Methylpyrazole
and hemodialysis in ethylene glycol poisoning. ] Toxicol Clin Toxicol 1996;
34:373-7.

17. Jacobsen D, Barron SK, Sebastian CS, Blomstrand R, McMartin KE.
Non-linear kinetics of 4-methylpyrazole in healthy human subjects. Eur J
Clin Pharmacol 1989;37:599-604.

18. Fry IDR, Starkey BJ. The determination of oxalate in urine and plasma
by high performance liquid chromatography. Ann Clin Biochem 1991;28:
581-7.

19. Porter WH, Auansakul A. Gas-chromatographic determination of eth-
ylene glycol in serum. Clin Chem 1982;28:75-8.

20. Fraser AD, MacNeil W. Colorimetric and gas chromatographic proce-
dures for glycolic acid in serum: the major toxic metabolite of ethylene gly-
col. J Toxicol Clin Toxicol 1993;31:397-405.

21. Diczfalusy U, Eklof R. Determination of 4-methylpyrazole in plasma
using solid phase extraction and HPLC. Biomed Chromatogr 1987;2:226-
7.

22. McMartin KE, Makar AB, Martin G, Palese M, Tephly TR. Methanol
poisoning. I. The role of formic acid in the development of metabolic ac-
idosis in the monkey and the reversal by 4-methylpyrazole. Biochem Med
1975;13:319-33.

23. Cheng JT, Beysolow TD, Kaul B, Weisman R, Feinfield DA. Clearance
of ethylene glycol by kidneys and hemodialysis. J Toxicol Clin Toxicol
1987;25:95-108.

24. Parry ME, Wallach R. Ethylene glycol poisoning. Am J Med 1974;57:
143-50.

Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission.
Copyright © 1999 Massachusetts Medical Society. All rights reserved.



