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EPIDEMIC PARENTERAL EXPOSURE TO VOLATILE

SULFUR-CONTAINING COMPOUNDS AT A HEMODIALYSIS

CENTER
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Hemodialysis is the most commonly used treatment
for patients with end-stage renal disease. In the United
States, approximately 3,500 hemodialysis centers provide
hemodialysis therapy to more than 250,000 patients.1
Municipal water must be treated to remove impurities
that would be toxic to patients undergoing dialysis.
Almost all hemodialysis water treatment systems include
a reverse osmosis unit, which removes a variety of toxic
substances, and many include deionization (ie, cationic,
anionic, or mixed bed) tanks, which remove positively or
negatively charged ions and replace them with hydrogen
and hydroxyl ions.2

Because reverse osmosis membranes are subject to
bacterial overgrowth and scale formation, they must be rou-
tinely cleaned, disinfected, and rinsed.3,4 Cleaning may be
required as often as once a week or as infrequently as once
every 2 months, depending on the type of reverse osmosis

membrane and on local water supply conditions. Optimal
water pressure is required for proper functioning of reverse
osmosis units.3,4 When the water pressure is too low for
proper functioning of the reverse osmosis unit, the reverse
osmosis unit must be switched to bypass mode to divert
water around it. If the system remains in bypass mode for
more than 4 hours, the reverse osmosis unit should be pro-
grammed to flush and drain for 15 minutes every 4 hours, to
minimize water stagnation and prevent accumulation and
growth of bacteria on the surface of the membranes.

On a single day, several patients at a freestanding
hemodialysis center developed illness and required hos-
pitalization shortly after initiating hemodialysis; two of
these patients died. We describe the investigation of this
cluster of illness and discuss the potential role of certain
sulfur-containing compounds as a source of illness in
hemodialysis centers.
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OBJECTIVE: To determine the cause of acute illness on
August 30, 2000, among patients at an outpatient dialysis center
(center A).

DESIGN: We performed a cohort study of all patients
receiving dialysis on August 30, 2000; reviewed dialysis proce-
dures; and analyzed dialysis water samples using microbiologic
and chemical assays.

SETTING: Dialysis center (center A).
PATIENTS: A case-patient was defined as a patient who

developed chills within 5 hours after starting hemodialysis at cen-
ter A on August 30, 2000.

RESULTS: Sixteen (36%) of 44 patients at center A met
the case definition. All case-patients were hospitalized; 2 died.
Besides chills, 15 (94%) of the case-patients experienced nausea;
12 (75%), vomiting; and 4 (25%), fever. Illness was more frequent
on the second than the first dialysis shift (16 of 20 vs 0 of 24, P <

.001); no other risk factors were identified. The center’s water
treatment system had received inadequate maintenance and dis-
infection and a sulfurous odor was noted during sampling of the
water from the reverse osmosis (RO) unit. The water had elevat-
ed bacterial counts. Volatile sulfur-containing compounds (ie,
methanethiol, carbon disulfide, dimethyldisulfide, and sulfur
dioxide) were detected by gas chromatography and mass spec-
trometry in 8 of 12 water samples from the RO unit and in 0 of 28
samples from other areas (P < .001). Results of tests for heavy
metals and chloramines were within normal limits.

CONCLUSIONS: Parenteral exposure to volatile sulfur-
containing compounds, produced under anaerobic conditions in
the RO unit, could have caused the outbreak. This investigation
demonstrates the importance of appropriate disinfection and
maintenance of water treatment systems in hemodialysis centers
(Infect Control Hosp Epidemiol 2004;25:256-261).

ABSTRACT



Vol. 25  No. 3 PARENTERAL EXPOSURE TO DISULFIDES 257

METHODS

Case Definition and Ascertainment
A case-patient was defined as a patient of dialysis cen-

ter A who developed chills during or within 5 hours of initia-
tion of hemodialysis on the epidemic day (August 30, 2000).
We reviewed the records of all patients who received dialysis
at center A during August 29 and 30, 2000, to ascertain cases.
We also reviewed the records of patients who received dialy-
sis on 4 days (January 16, 2000, March 27, 2000, and August
22 and 23, 2000) when maintenance procedures (eg, disin-
fection, replacement of components, or cleaning and disin-
fection of the reverse osmosis membrane) were performed
on the center’s water treatment system.

Cohort Study
To assess potential risk factors associated with ill-

ness, we performed a cohort study of all 44 patients treat-
ed at dialysis center A on the epidemic day. Variables
assessed included age, gender, underlying cause of renal
disease, date of first dialysis, dialysis shift, type of dialyz-
er, number of times the dialyzer had been used, type of
vascular access, and type of dialysate. For dialysis ses-
sions on the epidemic day, we evaluated records of vital
signs before and after hemodialysis, total time receiving
dialysis, dialysis personnel treating each patient, medica-
tions received, symptoms and their time of onset, and
blood culture results. For patients who were hospitalized,
we examined records of symptoms and signs on hospital
admission, laboratory test results, medications received,
duration of hospitalization, and outcome.

Facility Review
We interviewed members of the dialysis staff and

inspected the center’s water treatment and distribution
system. We reviewed the facility’s water treatment log-
book and methods for preparing dialysate, performing
dialysis, and reprocessing dialyzers.

Laboratory Study
We reviewed the results of microbiologic and chem-

ical assays performed by a commercial laboratory on
product water and dialyzers obtained by staff of dialysis
center A on the epidemic day.

On September 5, 2000, we collected water samples
from multiple sites throughout the dialysis center’s water
treatment and distribution system in sterile, endotoxin-
free plastic tubes and sent them to the Centers for
Disease Control and Prevention for microbiologic, endo-
toxin, and chemical assays. In addition, we sent six
hemodialyzers to the Centers for Disease Control and
Prevention for analysis.

Water samples were cultured using the membrane
filtration technique. The filters were then placed on both
trypticase soy agar and Reasoner’s 2 agar (R2A) (Becton
Dickinson Microbiology Systems 1, Cockeysville, MD).
Trypticase soy agar plates were incubated at 36°C for 48
hours and R2A plates were incubated at 28°C for 7 days.
Colonies were counted using a stereomicroscope.

Endotoxin activity was determined by the turbidimetric
Limulus Amebocyte Lysate assay (LAL-5000, Associates
of Cape Cod, MA) using the standard control endotoxin
(Pyrotell GT Lysate, Associates of Cape Cod) and Pyros
software (Associates of Cape Cod). Water was analyzed
for metals, including aluminum, arsenic, barium, cadmi-
um, calcium, copper, lead, magnesium, potassium, silver,
selenium, sodium, and zinc, by inductively coupled argon
plasma mass spectrometry. Volatile sulfur-containing
compounds were extracted from the water samples by
solid phase microextraction and analyzed by full-scan gas
chromatography and mass spectrometry.5 Volatile com-
pounds in the water samples were identified by mass
spectral library matching.

Statistical Analysis
Data were entered and analyzed using Epi-Info soft-

ware (version 6.0; Centers for Disease Control and
Prevention, Atlanta, GA).6 Relative risks and 95% confi-
dence intervals were calculated. Categorical variables
were compared using the chi-square or Fisher’s exact
two-tailed test. Continuous variables were compared
using the Kruskal–Wallis test.

RESULTS

Descriptive Epidemiology
Sixteen (36%) of 44 patients receiving dialysis on the

epidemic day met the case definition. The median age of
case-patients was 73 years (range, 36 to 90 years) and 56%
were female. All case-patients experienced chills, 15 (94%)
experienced nausea, and 12 (75%) experienced vomiting.
All had received dialysis during the second shift. Only 4
patients experienced fever (oral temperature > 100.0°F),
with a median time to onset of 5 hours. The median dura-
tion from the start to the end of hemodialysis was 43 min-
utes (range, 7 to 125 minutes). The median duration from
the start of hemodialysis to the onset of symptoms was 81
minutes (range, 14 to 214 minutes). All 16 case-patients
were hospitalized; 4 were admitted to an intensive care
unit. One case-patient died on the day of admission and
another died after 37 days of hospitalization.

Case-patients had received hemodialysis for a medi-
an of 27.5 months (range, 2 to 56 months). All had
received dialysis with reused hollow-fiber high flux dia-
lyzers (F-80; Fresenius AG, Bad Hamburg, Germany).
The median number of times dialyzers had been reused
as of the epidemic day was 7 (range, 1 to 41). There was
no clustering of cases by dialysis station.

Routine hematology and chemistry panels for case-
patients yielded abnormal results only for the white blood cell
count. Before the outbreak, case-patients’ median white
blood cell count was 6.1 � 109/L (range among case-patients,
4.7 to 10.0 � 109/L; normal range, 4.5 to 10.0 � 109/L). After
the onset of symptoms on the epidemic day, case-patients had
a median white blood cell count of 3.2 � 109/L (range, 0.8 to
12.7 � 109/L; P = .07 compared with before the epidemic),
and 9 (56%) of the case-patients had a white blood cell count
of less than 4.5 � 109/L.
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Samples for blood cultures were obtained from all
16 case-patients. Two had a positive blood culture—one
for Staphylococcus epidermidis and one for Citrobacter
species. Both of these patients were receiving dialysis
through vascular catheters.

Analytic Epidemiology
Illness was not associated with age, gender, type of

vascular access, reuse of dialyzers, underlying cause of
renal disease, or receipt of heparin (Table 1). However,
dialysis during the second shift was associated with ill-
ness.

Facility Review
At the time of the outbreak, dialysis center A pro-

vided hemodialysis to 135 patients. Patients were treated
in three shifts, from approximately 6:00 am to 11:00 am,
11:00 am to 4:00 pm, and 4:00 pm to 10:00 pm. Dialysis ser-
vices were provided in one large room with centrally
located chairs (n = 24) and beds (n = 2). The room was
divided into 6 stations (ie, A, B, C, D, E, and F) with 4
chairs each. Patient care staff consisted of dialysis techni-
cians and nurses. One technician worked at each station
and one nurse supervised three stations consisting of 4

chairs each and 1 bed. Patients usually received dialysis at
the same station, chair, and machine during each session.

Water Treatment and Distribution System.
At the center, chlorinated municipal water was heated to
78°C and then pumped through a 7.5-µm particulate filter,
a water softener (where citric acid was added to regulate
pH), carbon filters, and a reverse osmosis unit (Figure).
The water next flowed into a storage tank and then passed
through 8 deionization tanks, post-deionizer 0.2-µm bacte-
rial filters, and the center’s water distribution system to be
distributed to the dialysis stations, the dialyzer reuse
room, and, finally, the bicarbonate preparation area.
Unused water was recirculated back to the storage tank.

The entire water treatment and distribution system
was disinfected with hypochlorite solution (500 ppm)
once annually. The last such disinfection had been per-
formed 8 months before the epidemic.

The manufacturer recommended monitoring the
water pressure before and after the return distribution
loop, and replacing the post-deionizer 0.2-µm filters every
3 months or if the difference in water pressure between
the two filters was more than 10 psi. During our facility
review, we found that 0.2-µm filters had not been changed
as recommended and that the difference in water pres-
sure was greater than 10 psi (range, 34 to 90 psi).

All 10 membranes on the reverse osmosis unit of
the water treatment system were replaced on March 27,
2000, and 4 were replaced on June 22, 2000. The reverse
osmosis membranes were disinfected on August 22, 2000,
and cleaned the day after that for the first time in 2000. A
review of the facility’s water treatment logbook indicated
that on August 28, 29, and 30, 2000, the reverse osmosis
unit was on bypass mode (ie, water was diverted around
the reverse osmosis unit and storage tank directly to the
deionizer unit) for 1 to 13 hours per day. The reverse
osmosis unit was on bypass mode for at least 2 hours on
August 28, 2000; from 6:15 pm on August 29, 2000, to 7:30
am on August 30, 2000; and from 9:30 to 10:45 am on
August 30, 2000. At 12:30 pm on August 30, 2000, 48 min-

TABLE 1
POTENTIAL RISK FACTORS FOR HEMODIALYSIS-ASSOCIATED

TOXICITY AT DIALYSIS CENTER A ON AUGUST 30, 2000

Total
Risk No. of No. Ill RR
Factor Patients (%) (CI95) P

Age, y
< 70 21 10 (48) 1.83 (0.80–4.15) .14
� 70 23 6 (26)

Gender
Male 20 7 (35) 0.93 (0.42–2.06) .86
Female 24 9 (38)

Shift
Second 20 16 (80) Indeterminate < .001
First 24 0 (0)

Type of access
Catheter 24 11 (46) 1.83 (0.76–4.40) .15
Fistula, graft 20 5 (25)

Underlying disease
Hypertension 29 7 (24) 0.45 (0.2–1.01) .053
Diabetes 15 8 (53)

Treated with reused 
dialyzers
Yes 40 16 (40) Indeterminate .28
No 4 0 (0)

Receipt of heparin
Yes 41 15 (37) 1.10 (0.21–5.72) .91
No 3 1 (33)

RR = relative risk; CI95 = 95% confidence interval.

FIGURE. Water treatment system at dialysis center A. Numbers indicate
sample numbers (Table 2).
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utes after the first patient symptoms were reported, the
system again went into bypass mode due to low pressure.
There was no evidence that the reverse osmosis unit was
flushed to prevent bacterial growth after it had been in
bypass mode on these occasions.

On August 30, 2000, at 9:30 am, the reverse osmosis
unit went into bypass mode due to low water pressure. At
10:45 am, as part of routine maintenance, a technician
from an outside company that had been contracted to
maintain the water treatment system changed four of the
eight deionization tanks. After changing the tanks, the
technician took the reverse osmosis unit out of bypass
mode, but did not notice any other problems. However, at
11:42 am, the first patient on the second shift experienced
chills, nausea, and vomiting during hemodialysis. Within
an hour, several other patients on the second shift experi-
enced similar symptoms while receiving or shortly after
hemodialysis. All dialysis treatments where stopped by
12:48 pm and the center voluntarily closed.

On September 5, 2000, when we opened the reverse
osmosis unit to obtain water samples, we noted a distinct
sulfur odor. The technician at dialysis center A reported
that a similar odor had been reported approximately 3
weeks before the epidemic.

Dialyzer Reprocessing. Dialyzers were re-
processed for reuse on the same patient by rinsing with
product water and disinfecting with 3.5% peracetic
acid–hydrogen peroxide solution (Renalin, MinnTech
Corp., Minneapolis, MN). Our inspection revealed no
problems with dialyzer reprocessing.

Dialysis Machines. All dialysis machines used at
center A were COBE Centrysystem 3 machines (Gambro
Healthcare, Lakewood, CO). Each machine was used by
as many as three patients each day, one per shift. After
each use, the exterior of each machine was cleaned with a
1:10 dilution of 5.25% bleach. After the third shift, the
machines were set on an automatic disinfection cycle with
a 1:10 solution of 12% bleach. Once a week, the machines
were disinfected overnight with Actril (Renal Systems,
MinnTech Corp.). The machines were equipped with
alarms that signaled a variety of problems, including
incorrect pH or bicarbonate concentration, or blood leak-
age. On the outbreak day, only one machine alarm was
activated; this was due to a blood leak in a reprocessed
dialyzer, which was replaced with a new dialyzer.

Bicarbonate Solution Preparation. Bicarb-
onate solution was prepared in jugs before each shift using
powdered bicarbonate mix and product water. All jugs were
disinfected with bleach nightly.

Follow-Up. As a result of this outbreak, the entire
water treatment system at dialysis center A was replaced.
The center has reopened and no reactions similar to those
experienced during the outbreak have occurred.

Laboratory Results
Routine water samples collected from the water

treatment system during January through August 2000
were within the limits specified by the Association for the

Advancement of Medical Instrumentation for chlorine,
chloramine, endotoxin, bacteria, and trace elements.7
However, the routine endotoxin testing was not done in
August 2000 because center A did not have the correct
tubes for sample collection. The level of 50 trace sub-
stances, including metals, was measured once yearly,
most recently on March 26, 2000; all results were within
the limits of the Association for the Advancement of
Medical Instrumentation.

Several water samples collected on September 1,
2000, 2 days after the epidemic day, showed elevated bac-
terial counts ranging from 10,000 to 107,000 colony-form-
ing units per milliliter.

Water samples collected on September 5, 2000 (7
days after the epidemic) had levels of trace metals within
the standards of the Association for the Advancement of
Medical Instrumentation. However, several water samples
collected near the reverse osmosis unit had bacterial
counts greater than 200 colony-forming units per milli-
liter, the Association for the Advancement of Medical
Instrumentation standard (Table 2). In addition, volatile
sulfur-containing compounds were identified in 8 (67%) of
12 water samples obtained from the reverse osmosis unit.
These compounds included sulfur dioxide, methanethiol,
dimethyldisulfide, and carbon disulfide (Table 2).

TABLE 2
RESULTS OF ANALYSES OF PRODUCT WATER COLLECTED ON

SEPTEMBER 5, 2000, AT DIALYSIS CENTER A

Sam- Bacteria Endo- Sulfur Meth- Dimethyl- Carbon
ple (CFU/ toxin Diox- aneth- disul- Disul-
No. mL) (EU/mL) ide iol fide fide

1 < 100 N/T - - - -
2 21,300* N/T - - - -
3 4,200* 7.68† - - - -
4 < 10 < 1.96 + - - +
5 < 10 < 0.96 + - - +
6 70 < 2 + + + +
7 < 100 N/T + + - +
8 200 N/T + + + +
9 400* N/T + + + +
10 < 100 N/T + - + +
11 < 100 N/T + - + +
12 1,120* < 3.84 N/T N/T N/T N/T
13 610* < 3.84 N/T N/T N/T N/T
14 530* < 3.84 N/T N/T N/T N/T
15 20 N/T N/T N/T N/T N/T
16 < 100 N/T - - - -
17 < 100 N/T - - - -

CFU/mL = aerobic colony-forming units per milliliter; EU/mL = endotoxin units per milliliter;
+ = positive results on qualitative test for the substance; - = negative results on qualitative test
for the substance; N/T = not tested.
*Exceeds Association for the Advancement of Medical Instrumentation standard (< 200
CFU/mL).
†Exceeds Association for the Advancement of Medical Instrumentation standard (2 EU/mL).
Note. Sample numbers refer to the location of sample collection as shown in the figure.
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DISCUSSION

We investigated a cluster of unusual reactions
among 16 patients receiving hemodialysis at a single dial-
ysis center.

We considered several potential causes for the out-
break. An infectious etiology was unlikely because only
four case-patients were febrile and only two had positive
blood cultures, for two dif ferent microorganisms.
Endotoxin produced by gram-negative bacteria has been
a frequent cause of hemodialysis-associated outbreaks.
However, endotoxin typically causes onset of fever within
1 to 2 hours and is accompanied by hypotension. An
endotoxin reaction seemed unlikely because only four
patients had fever, the median time to the onset of fever
was 5 hours in these patients, and none was hypo-
tensive.

On the outbreak day, eight staff members treated
the case-patients, and all case-patients were treated with
different machines. Therefore, it is unlikely that machine
dysfunction, or errors by the staff members performing
dialysis, caused the outbreak. The lack of association with
parenteral medication ruled out a contaminated medica-
tion as an etiology.

We conclude that the presence of volatile sulfur-con-
taining compounds of known toxicity (eg, disulfides) in
the water near the reverse osmosis unit was the most
probable cause of the outbreak. Disulfides were found in
water samples collected near the reverse osmosis unit,
but not in water samples collected from other areas of the
water treatment and distribution system. Additionally, the
distinct sulfur odor was noted only from water samples
taken near the reverse osmosis unit. Disulfides were like-
ly produced by sulfate-reducing bacteria8,9 on the improp-
erly maintained reverse osmosis unit membranes. The
sulfate-reducing bacteria converted the low (safe) level of
sulfate normally present in the water to toxic levels of
disulfides in the anaerobic and septic environment.
Sulfate-reducing bacteria carry out the dissimilative
reduction of sulfate to hydrogen sulfide only in anaerobic
environments; the inappropriate maintenance of the
reverse osmosis unit would have provided an anaerobic
environment where these bacteria could have flourished.
This also can explain why the aerobic bacterial count from
the reverse osmosis unit was not proportional to the level
of volatile sulfides.

Toxic reactions due to disulfides (eg, carbon disul-
fide) are well described. However, previous toxicologic
data are based on inhalation,10 ingestion,11 or dermal
exposures.10,12 Exposure to disulfides by inhalation or
ingestion has been reported to cause gastrointestinal (eg,
nausea, vomiting, or diarrhea), cardiovascular (eg, hyper-
tension), respiratory (eg, cough, bronchoconstriction,
cyanosis, and dyspnea), and central nervous system (eg,
dizziness, headache, respiratory paralysis, seizures, and
coma) effects.13-15 Dermal exposure to carbon disulfide
can result in blistering with second-degree and third-
degree burns,11 and intradermal absorption of this com-
pound can cause anorexia, nausea, vomiting, fatigue, and

headache.12 Because disulfides are usually rapidly metab-
olized and excreted in the urine,11 patients with renal fail-
ure at center A may have been especially vulnerable.
Previous reports of exposure to these compounds have
not mentioned chills, which were a prominent clinical fea-
ture in this outbreak.

To our knowledge, this is the first reported
hemodialysis outbreak linked to sulfide exposure. Toxins
that have been previously implicated in hemodialysis-
associated outbreaks include aluminum,16 chloramines,17

copper,18 hydrogen peroxide,19 fluorides,20 and formalde-
hyde.21 This outbreak may have been caused by exposure
to toxins produced by bacterial overgrowth. Our investi-
gation had several limitations. Water samples from the
time of the outbreak were unavailable for testing. We col-
lected samples from the water treatment system, which
had been shut off for 5 days, possibly allowing growth of
bacteria. However, water samples collected 1 day after
the outbreak also showed high colony counts. The
reverse osmosis membrane was not disassembled and
inspected for evidence of bacterial growth. The assay for
sulfur-containing compounds was qualitative rather than
quantitative, and no samples from reverse osmosis units
in other dialysis centers were available for comparison.
We have no definite explanation as to what specific event
triggered the release of toxins on August 30, but it may
have been a surge of water pressure associated with
replacement of the deionization tanks. The nonspecific
symptoms and lack of characteristic laboratory abnor-
malities associated with sulfur-containing compounds
make it difficult to be certain that those compounds
caused the outbreak.

Patients receiving hemodialysis are exposed to
approximately 150 L of fluid during a typical dialysis ses-
sion and their bloodstream has direct access across the
semipermeable membrane to the dialysate.22 Therefore,
even small amounts of toxic substances in dialysis fluids
may produce adverse effects. Responsibility for ensuring
a safe water supply is shared by the center’s administra-
tion, medical director, and technical personnel. This
report of human parenteral exposure to volatile sulfur
compounds demonstrates the importance of appropriate
monitoring and maintenance of water treatment systems
in hemodialysis centers in preventing potentially fatal
reactions.

REFERENCES
1. Tokars JI, Miller ER, Alter MJ, Arduino MJ. National surveillance of

dialysis-associated diseases in the United States, 2000. Semin Dial
2002;15:162-171.

2. Favero MS, Tokars JI, Arduino MJ, Alter MJ. Nosocomial infections
associated with hemodialysis. In: Mayhall CG, ed. Hospital
Epidemiology and Infection Control, ed. 2. Baltimore: Williams &
Wilkins; 1999:897-918.

3. Medical Media Associates, Inc. Core Curriculum for Dialysis Technicians:
A Comprehensive Review of Hemodialysis, ed. 2. Thousand Oaks, CA:
Amgen; 1998.

4. Favero MS, Alter MJ, Tokars JI, Arduino MJ. Dialysis associated infec-
tions and their control. In: Bennett JV, Brachman PS, eds. Hospital
Infections, ed. 4. Philadelphia: Lippincott-Raven; 1998:357-380.

5. Cardinali FL, Ashley DL, Wooten JV, McCraw JM, Lemire SW. The use
of solid-phase microextraction in conjunction with a benchtop quadru-



Vol. 25  No. 3 PARENTERAL EXPOSURE TO DISULFIDES 261

pole mass spectrometer for the analysis of volatile organic compounds
in human blood at the low parts-per-trillion level. J Chromatogr Sci
2000;38:49-54.

6. Dean AG, Dean JA, Coulombier D, et al. Epi Info, Version 6.02: A Word
Processing Database and Statistic Program for Epidemiology on
Microcomputers. Atlanta, GA: Centers for Disease Control and
Prevention; 1994.

7. Association for the Advancement of Medical Instrumentation.
American National Standard for Hemodialysis Systems: ANSI/AAMI
RD5 1992. Arlington, VA: Association for the Advancement of Medical
Instrumentation; 1992.

8. Odom JM, Singleton RJ. The Sulfate-Reducing Bacteria: Contemporary
Perspectives (Brock/Springer Series in Contemporary Bioscience). New
York: Springer Verlag; 1993:10-26.

9. Gibson GR. A review: physiology and ecology of sulfate-reducing bac-
teria. Journal of Applied Bacteriology 1990;69:769-797.

10. Beauchamp RO, Bus JS, Popp JA, Boreiko CJ, Goldberg L. A critical
review of the literature on carbon disulfide toxicity. Crit Rev Toxicol
1983;11:169-278.

11. Davidson DM, Feinleib M. Carbon disulfide poisoning: a review. Am
Heart J 1972;83:100-114.

12. Donoghue AM. Carbon disulfide absorption during xanthate reagent
mixing in a gold mine concentrator. Occup Med 1988;48:469-470.

13. Klemmer PJ, Harris AA. Carbon disulfide nephropathy. Am J Kidney

Dis 2000;36:626-629.
14. National Library of Medicine, Toxicology Data Network. Carbon Disulfide

CASRN: 75-05-0. Washington, DC: National Library of Medicine.
Available at www.toxnet.nlm.nih.gov. Accessed November 22, 2000.

15. National Library of Medicine, Toxicology Data Network. Methyl
Disulfide (Dimethyl Disulfide) CASRN: 624-92-0. Washington, DC:
National Library of Medicine. Available at www.toxnet.nlm.nih.gov.
Accessed November 22, 2000.

16. Schreeder MT, Favero MS, Hughes JR, Petersen NJ, Bennett PH,
Maynard JE. Dialysis encephalopathy and aluminum exposure: an epi-
demiological analysis. Journal of Chronic Diseases 1983;36:581-593.

17. U.S. Food and Drug Administration. Preventing chloramines contami-
nation of renal dialysate solutions. Drug Bulletin 1988;18:20-21.

18. Manzler AD, Schreiner AW. Copper-induced acute hemolytic anemia: a
new complication of hemodialysis. Ann Intern Med 1979;73:409-412.

19. Gordon SM, Bland LA, Alexander SR, Newman HF, Arduino MJ, Jarvis
WR. Hemolysis associated with hydrogen peroxide at a pediatric dial-
ysis center. Am J Nephrol 1990;10:123-127.

20. Center for Disease Control. Fluoride intoxication in a dialysis unit:
Maryland. MMWR 1980;29:134.

21. Orringer EP, Mattern WD. Formaldehyde-induced hemolysis during
chronic hemodialysis. N Engl J Med 1976;294:1416-1420.

22. Jameson MD, Wiegmann TB. Principles, uses, and complications of
hemodialysis. Med Clin North Am 1990;74:945-960.


