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Effect of monochloramine disinfection of municipal drinking water
on risk of nosocomial Legionnaires’ disease

Jacob L Kool, Joseph C Carpenter, Barry S Fields

Summary

Background Many Legionella infections are acquired
through inhalation or aspiration of drinking water. Although
about 25% of municipalities in the USA use
monochloramine for disinfection of drinking water, the
effect of monochloramine on the occurrence of
Legionnaires’ disease has never been studied.

Methods We used a case-control study to compare
disinfection methods for drinking water supplied to 32
hospitals that had had outbreaks of Legionnaires’ disease
with the disinfection method for water supplied to 48
control-hospitals, with control for selected hospital
characteristics and water treatment factors.

Findings Hospitals supplied with drinking water containing
free chlorine as a residual disinfectant were more likely to
have a reported outbreak of Legionnaires’ disease than
those that used water with monochloramine as a residual
disinfectant (odds ratio 10-2 [95% Cl 1-4-460]). This
result suggests that 90% of outbreaks associated with
drinking water might not have occurred if monochloramine

Respiratory Diseases Branch, Division of Bacterial and Mycotic
Diseases (J L Kool mp, B S Fields pnp), Hospital Infections Program
(J C Carpenter pe); and Epidemic Intelligence Service

(J L Kool), Centers for Disease Control and Prevention,

Atlanta, Georgia, USA

Correspondence to: Dr Jacob Kool, University of Southern California
and County of Los Angeles Department of Health Services,

313 North Figueroa Street, Room 212, Los Angeles, CA 90012,
USA

(e-mail: jkool@ibm.net)

had been used instead of free chlorine for residual
disinfection (attributable proportion 0-90 [0-29-1-00]).

Interpretation The protective effect of monochloramine
against legionella should be confirmed by other studies.
Chloramination of drinking water may be a cost-effective
method for control of Legionnaires’ disease at the
municipal level or in individual hospitals, and widespread
implementation could prevent thousands of cases.

Lancet 1999; 353: 272-77

Introduction

Each year 8000 to 18 000 cases of Legionnaires’ disease
occur in the USA, 10-20% as part of outbreaks."? Case-
fatality rates in outbreaks typically are 20-40%.?> The
disease is caused by species of the genus Legionella,
bacteria that live in symbiosis with amoebae in the
biofilm that covers the inside of water-containing pipes
and tanks. These bacteria thrive in warm (25-42°C)
water, particularly in areas where water stagnates.
Transmission occurs through inhalation of an aerosol
containing the bacteria or by aspiration of contaminated
water. Most outbreaks have been traced to either drinking
water or cooling towers, and ecological and laboratory
studies show that sporadic cases are caused by the same
sources.”” Most nosocomial outbreaks have been linked
to a hospital drinking water system that had been
colonised by Legionella spp. Current guidelines from the
US Centers for Disease Control and Prevention (CDC)
recommend that such hospitals decontaminate the water
and then implement control measures aimed at
preventing regrowth. These long-term control measures
include increasing the temperature of their hot water,
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continuously injecting additional chlorine, or both.°
Although these methods are effective, a high water
temperature increases the risk of scalding and a
continuously high concentration of chlorine can cause
corrosion of plumbing systems. Other methods for
control of legionella are more expensive and have not
been proven more effective than chlorination.

Monochloramine has been used for drinking water
disinfection since 1916.7® It is formed when ammonia and
free chlorine are mixed in water. Municipal drinking
water disinfection has two stages: initial disinfection to
kill organisms in the water coming into the treatment
plant, and residual disinfection to maintain biocidal
activity in the end product throughout the water
distribution system. Monochloramine’s disinfecting
action is slower than that of free chlorine, so it is less
useful for initial disinfection. On the other hand it is more
stable than free chlorine, so a disinfecting residual can be
maintained over long distances in a distribution system,
which can reduce cost.® Monochloramine penetrates
better into biofilm than free chlorine and is more able to kill
sessile biofilm bacteria such as some Pseudomonas spp.’™"!

The US Environmental Protection Agency has issued
regulations to reduce adverse health effects, including
cancer, associated with disinfectants and disinfection by-
products (http://www.epa.gov/OGWDW/mdbp/dbp1.html;
accessed Dec 4, 1998). Many water treatment plants are
considering using monochloramine instead of free
chlorine  as a residual  disinfectant  because
monochloramine usage minimises the formation of
disinfection by-products such as trihalomethanes and
haloacetic acids. Consensus is that monochloramine
probably poses a lower risk of cancer than free chlorine
when used for residual disinfection. A survey in 1989 and
1990 of municipal water utilities in the USA that serve
populations greater than 50 000 found that 23% were
using monochloramine as residual disinfectant and that
others were considering switching to monochloramine.®
Currently, a typical monochloramine-using water
treatment plant uses free chlorine for initial disinfection
and monochloramine for residual disinfection.

Little is known about the effect of monochloramine on
legionella. In the only study that attempted to measure
this effect, monochloramine was added to a model water
system containing planktonic (free-floating) Legionella
prneumophila in previously sterilised water."?
Monochloramine was more effective than free chlorine.
We could find no data about the effect of
monochloramine on amoebae.

In investigations in which CDC participated, we
noticed that legionella was isolated from many drinking
water samples in three municipalities that used free
chlorine for residual disinfection but that all samples of
drinking water from four municipalities that used
monochloramine were free of legionella.”*'” All samples
had been treated with sodium thiosulphate immediately
after collection to neutralise the disinfectant. To assess
whether municipal water-disinfection practices were
associated with risk of legionellosis, we did a case-control
study of hospitals.

Methods

Identification of outbreaks and case definition

A case was defined as a hospital in the USA that had experienced
at least one outbreak of Legionnaires’ disease associated with
drinking water that had been reported in a peer-reviewed

journal, at a scientific meeting, or as an official CDC report. We
did a MEDLINE search to identify all published nosocomial
outbreaks of Legionnaires’ disease in the USA since 1977.
(Search criteria: Legionella, Legionella pneumophila, legionellae,
Legionellaceae, legionellosis, or Legionnaires’ disease; and
nosocomial, hospital, nosocomial infection, hospital infection, or
hospital-acquired.) Whenever an abstract suggested eligibility for
inclusion in our study, the article was retrieved. Bibliographies of
all retrieved articles were searched for additional pertinent
articles or scientific presentations. We also reviewed CDC
archives for publications, presentations, and unpublished CDC
reports. We selected only those outbreaks in which the drinking
water system had been implicated as the source by
epidemiological study and confirmed by isolation of identical
strains of legionella from patients and drinking water. We
excluded outbreaks associated with cooling towers or other
aerosol-producing devices not directly associated with drinking
water, but we included outbreaks associated with devices that
had been contaminated directly from drinking water.
Information on location and period of the outbreak was
extracted from the publication. Whenever the published
information on an outbreak was insufficient for our study, we
contacted one of the investigators who reported that outbreak or
the relevant hospital infection control staff.

Selection of controls
Controls were defined as hospitals that had not had any reported
outbreaks of nosocomial Legionnaires’ disease associated with
drinking water. We randomly selected hospitals from the
American Hospital Association guide to the health care field."
The hospitals that had had outbreaks were predominantly
large hospitals of more than 200 beds, but the great majority of
the hospitals listed in the American Hospital Association guide
have less than 200 beds. Small hospitals are more likely to be
located in small cities, which may be less likely to use
monochloramine.® To avoid selecting too many small hospitals
as controls, we category-matched hospitals according to size
(more or less than 200 staffed beds). Because a large proportion
(72%) of the oubreaks occurred in hospitals with transplant
programmes, and because transplantation greatly increases the
risk of Legionnaires’ disease, we frequency-matched hospitals by
whether they had an active transplant programme for tissue or
organs. Because the identified outbreaks occurred between 1979
and 1997, each control was randomly assigned a year from 1979
to 1997, and information was collected about water treatment
during that year.

Case-control study

We identified the water-treatment plant that supplied water to
the hospital. We contacted, within each municipality, a person
responsible for drinking-water disinfection; a questionnaire was
administered about source and treatment of drinking water
supplied to the selected hospital during the period of the
outbreak (or, in the case of controls, the randomly assigned
year). We asked for the following information: the total
population served by the water utility, the average amount of
water produced per day, the source of the water (ground or
surface), type of initial disinfection, the type and concentration
of residual disinfectant, and the pH of the end product.

Data were analysed by means of the Mann-Whitney U test for
continuous variables and Mantel-Haenszel stratified analysis for
binomial variables with the computer program Epi-Info, version
6. We calculated the crude odds ratio for use of chlorine versus
use of monochloramine and the adjusted odds ratio with control
for hospital size and for the existence of a transplant programme
to account for the matched study design. We used maximum
likelihood estimation for the odds ratio and exact estimation of
the 95% CI. The attributable proportion was estimated by the
formula (the adjusted odds ratio replaced the relative risk):
relative risk-1

Attributable proportion= - -
relative risk
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Figure 1: Nosocomial Legionnaires’ disease outbreaks in the
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To assess possible interaction and confounding, we did
multivariate logistic regression analysis using the GENMOD
procedure of SAS, version 6.12. All continuous variables were
categorised because none of them satisfied the linearity
assumption. Starting with a full model we eliminated factors one
by one, depending on their significance as confounders or effect
modifiers and on the effect of their elimination on the precision
of the odds-ratio estimation for the main exposure variable.
Hospital size and the existence of a transplant programme were
kept in the model to account for the study design.

Results

We found 31 publications,>'*"*" four presentations,'>**>
and one unpublished CDC report (B J Marston, personal
communication, May, 1998) describing 32 nosocomial
outbreaks of Legionnaires’ disease in which drinking
water had been implicated as the source by
epidemiological study and by laboratory analysis. The
outbreaks occurred between 1979 and 1997 (figure 1).
The geographical distribution of the outbreaks is shown
in figure 2. 27 outbreaks were apparently associated with
inhalation of contaminated aerosol from showers or taps,
or with aspiration of the water; three were traced to
cleaning of respiratory devices with tap-water; one was
associated with consumption of contaminated ice made
from tap-water; and one was associated either with a

Control-

Case- Residual
hospitals disinfectant hospitals

(] Free chlorine [¢]
[} Monochloramine O
A Other IN

Figure 2: Geographical distribution of hospitals with reported
Legionnaires’ disease outbreaks associated with potable
water and of randomly selected control-hospitals

Some overlapping points dispersd to improve legibility. One free-
chlorine control-hospital in Hawaii not shown.

cooling tower directly contaminated with drinking water
or with drinking-water aerosols. One outbreak involved
surgical-wound infections with legionella as well as cases
of Legionnaires’ disease.

None of the municipalities had changed the water
disinfection process during the period of the outbreak. 31
outbreaks occurred in hospitals supplied with water
containing only free chlorine for residual disinfection.
The only other outbreak happened in 1981 in Denver,
which had used monochloramine for both initial and
residual disinfection since 1917.” This outbreak involved
three patients in 1981; one additional patient was
identified in 1983.** The main intervention was removal
of large water tanks in which warm water stagnated for
periods of up to 1 week, and installation of instantaneous
water heaters.

Case-control study results

We randomly selected 50 control-hospitals. One control-
hospital was supplied with drinking water that was
disinfected alternately with chlorine and
monochloramine, another was supplied with water
disinfected with chlorine dioxide. These two hospitals
were excluded from the statsitical analysis. Private wells
supplied one case-hospital and one-control hospital;
hospital staff provided information on these water
supplies. The geographical distribution of cases and
controls is shown in figure 2. Water supplied to case-
hospitals and control-hospitals was similar in respect to
water source, size of population supplied by the water
plant, pH, and all other water treatment variables (table).

Case-hospitals were more likely than control-hospitals
to be supplied with water containing free chlorine as a
residual disinfectant (crude odds ratio 10-1 [95% CI
1-4-456]; adjusted odds ratio 10-2 [1-4-460]).

In the logistic-regression analysis the following factors
did not contribute significantly to the model and were
eliminated: time of outbreak (or randomly assigned year
for controls), population supplied by the water plant,
amount of water produced by the plant, type of initial
disinfection, type of source water (surface or ground),
concentration of the residual disinfectant, the interaction
term of type of residual disinfectant and concentration,
pH of the end product, and the interaction term of pH
and type of residual disinfectant. The only variable that
was significant was type of residual disinfectant. Although
neither hospital size nor existence of a transplant
programme contributed significantly, these factors were
kept in the model to account for the matched study
design. Using this logistic-regression model, we found an
adjusted odds ratio of 10-8 (1-9-203) for use of free
chlorine versus monochloramine as residual disinfectant.

Because in the stratified analysis some cell values were
small or zero, we took as the best estimation the adjusted
odds ratio derived with the maximum likelihood
estimation and exact confidence interval. The attributable
proportion estimated from this odds ratio was 0-90
(0-29-1-00), suggesting that about 90% of nosocomial
outbreaks of Legionnaires’ disease associated with
drinking water could be prevented if every municipality
used monochloramine as a residual disinfectant.

Discussion
Our results show that use of monochloramine for residual
disinfection of drinking water was associated with a lower

274

THE LANCET ¢ Vol 353 « January 23, 1999



ARTICLES

Characteristic Case-hospitals (n=32)

Control-hospitals (n=48)* Adjusted odds ratio (95% Cl) p

Characteristics of hospitals

Number of distinct municipal water distribution systems 26 45

200 beds or more 31 46

Transplant programme 23 (72%) 35 (73%)

Median (range) year of outbreak 1988-5 (1979-97) 1988 (1979-97) 0-89f
Residual disinfectant

Free chlorine 31 36 10-2 (1-4-460) 0-007
Monochloramine 1 12% 1-08

Initial disinfectant

Free chlorine 31 43 2-1(0-16-114) 0-46
Monochloramine 1 3 1-08

Alternating chlorine/monochloramine 0 1 Excluded

Ozone 0 1 Excluded

Water source

Surface 22 33 0-911ll
Ground 5 10

Mix of surface/ground 5 5

Median (range) number of people supplied by water utility 242 500 (5000-4 000 000) 198 000 (3500-9 000 000) 0-281
Median (range) pH of finished water 7-6 (7-:0-10-0) 7-8 (7-:0-10-5) 0-821

*Not including one hospital supplied with water containing chlorine dioxide, and one hospital supplied with chlorinated water as well as chloraminated water, from separate water-
treatment plants that supplied one water-distribution system. tMann-Whitney U test; Including one hospital supplied with water that contained free chlorine for 2 weeks per

year. §Reference category. |IProportion surface water analysed as a continuous variable.

Characteristics of case-hospitals and control-hospitals and their municipal water suppliers

likelihood of outbreaks of Legionnaires’ disease. More
precisely, we found that hospitals supplied with water
containing only free chlorine were 10-2 times more likely
to experience an outbreak associated with drinking water
that was subsequently investigated and reported in a
peer-reviewed journal, at a scientific meeting, or as a
CDC report.

Our finding is supported by laboratory tests finding
that legionella were frequently recovered from chlorinated
municipal water'>'>'® but not from chloraminated water'*'>""
in recent CDC-assisted investigations. Monochloramine
diffuses better than chlorine does into stagnant water
because of its slower decay, and it penetrates better into
biofilm.*" It may be more effective, therefore, in the
biological niche of legionella, and it is known to be
effective against planktonic legionella.'? Activity of
monochloramine against amoebae appears not to have
been studied yet but may be important.

Study limitations

Hospitals were classified as cases or controls depending on
whether outbreaks had been detected, investigated, and
reported. Some of the control municipalities may have
experienced legionellosis outbreaks that were never
detected or reported, resulting in misclassification. For
any given outbreak, however, a reasonable assumption is
that the likelihood of a hospital detecting and reporting
this outbreak is independent of the method of disinfection
because we do not think that an association between
municipal disinfection and risk of Legionnaires’ disease
has been made previously. Therefore, non-detection and
non-publication of outbreaks leads to non-differential
misclassification and can introduce a bias only towards the
null. In other words, it will lead to underestimation of the
protective effect of monochloramine. The same is true for
misclassification of case-hospitals due to incorrect
identification of drinking water as the source of
transmission. Similarly, individual hospital characteristics
associated with the risk of contamination of hospital water
systems, such as temperature setting of the hospital
water heaters and additional water treatment by the
hospital (such as copper-silver systems), are all

independent of the choice of disinfectant by the municipal
water authority and will result in a bias towards the null.
We preferred to work with this non-differential
misclassification rather than undertake interviews of
each hospital, because that would have introduced a
reporting bias.

A potential confounder could be the association
between the size of the municipal water system and the
size and number of hospitals it serves. The need to
maintain adequate concentrations of residual disinfectant
over longer distances can be a reason for water-treatment
plants covering large areas to choose monochloramine.
Risk factors for nosocomial outbreaks include hospital
size’*! and the presence of immunocompromised patients,
especially transplant recipients.>” Large tertiary-care
hospitals are also more likely to be affiliated to universities
and so to have staff interested in publishing in peer-
reviewed journals. However, as a result of the matched
design of the study, case-hospitals and control-hospitals
were similar in regard to hospital size and the existence of
a transplant programme, and municipal water-treatment
plants supplying case-hospitals were of similar size to
those supplying controls (table).

The proportion of municipalities using mono-
chloramine varies by geographical location and may be
highest in southeast USA,* although none of our control-
hospitals there were supplied with chloraminated water
(figure 2). In addition, there are regional differences in the
incidence of outbreaks of Legionnaires’ disease, with the
lowest incidence in the Southeast.> We were concerned
that matching by geographical area could have resulted in
overmatching because the geographical variation in
disease incidence might actually have been caused by
regional differences in the method of drinking-water
disinfection. Exclusion of the southeast from our analysis
would evidently have resulted in a higher odds ratio
estimate. In addition, regulation of water temperature in
hospitals to avoid scalding injuries, by state health
departments, is probably not correlated with choice of
disinfectant for drinking water by municipal water
authorities and therefore should not have been a
confounder in this study.
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Implications

Monochloramine for disinfection can be inexpensive; it
involves installation of automated injection devices for
ammonia and chlorine, and training of staff. A 1990
survey of four municipalities found that switching from
free chlorine to monochloramine cost from at least $5000
to as much as $185000. The highest of these costs was
incurred because that facility’s building had to be
expanded to house the additional equipment. Ammonia
was purchased at a cost of $0.75 to $6.16 per million
gallons of water treated.®

Chloramination of individual hospital water systems for
control of nosocomial legionellosis is an option that
deserves further evaluation. A chloramination booster
station could be installed in a chlorine-using water system
to chloraminate only a small part of that system, such as a
hospital campus. This method may be better than other
options: it will cause less corrosion than continuous
supplemental chlorination,® it will not increase risk of
scalding, and it may be simpler, more effective, and
cheaper than other long-term disinfection methods.

Our finding of a protective effect of monochloramine
on Legionnaires’ disease associated with drinking water
will need to be confirmed by other studies. The decision
by municipal water authorities to switch to
monochloramine depends on many complex factors;
prevention of Legionnaires’ disease may become an
additional argument in favour of this switch. Most cases
of Legionnaires’ disease are community-acquired and
sporadic, but, like outbreaks, many sporadic cases have
been traced to potable water. An estimated 8000-18 000
cases of Legionnaires’ disease occur in the USA each
year.! If at least half of all legionella infections were
acquired from drinking water, 90% of these, or
3600-8100 cases, would be prevented each year in the
USA if all municipalities used monochloramine. If overall
mortality is 25%,> this would result in prevention of
9002025 deaths per year.
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