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Highlights

* We evaluate the effect of holding/shipping time on Legionella culture

results.

® We account for measurement error by replicating immediately-processed &

held/ samples.

® Holding had asmall effect on results relative to inherent measurement error
(ME).

* After accounting for ME, shipped samples had very high sensitivity and
specificity.

® Current practice of shipping samples (overnight express) does not invalidate

results.
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ABSTRACT

Outbreaks of Legionnaires’ disease require enviemal testing of water samples
from potentially implicated building water systetosdentify the source of
exposure. A previous study reports a large impadtegionella sample results

due to shipping and delays in sample processipgcifcally, this same study,
without accounting for measurement error, repoxsenthan half of shipped
samples tested hacegionella levels that arbitrarily changed up or down by one o
more logs, and the authors attribute this reswuhipping time. Accordingly, we
conducted a study to determine the effects of samplding/shipping time on
Legionella sample results while taking into account measungmeor, which has
previously not been addressed. We analyzed 15pleaneach split into 16
aliquots, of which one-half (8) were processed mthyrafter collection. The
remaining half (8) were processed the following ttagssess impact of
holding/shipping time. A total of 2544 samples &vanalyzed including
replicates. After accounting for inherent measwenerror, we found that the
effect of holding time on observéggionella counts was small and should have no
practical impact on interpretation of results. #iofj samples increased the root
mean squared error by only about 3 to 8%. Notdbhonly one of 159 samples,

did the average of the 8 replicate counts changelby. Thus, our findings do
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not support the hypothesis of frequent, signifiqant 1 logo unit) Legionella
colony count changes due to holding.
Keywords: Legionella monitoring, Sample holding time, Shipping effects,

Legionella culture, Measurement error, Sensitivity

1. Introduction

Legionnaires’ disease accounts for about 1-5% ofroanity-acquired pneumonia
with perhaps 8,000 to 18,000 cases occurring ahlynmathe United States, and
reported cases continue to increase each yeawfoljoa substantial increase in
2003 (1, 2, 3). ltis indicated that legionellosigreatly underdiagnosed and
underreported and the number of cases is likelstgrehan reported (4, 5). The
disease has a fatality rate of about 5-30% andajtseh among the
immunocompromised (5, 6). Disease is causeldegyonella bacteria, usualliz.
pneumophila serogroup 1, although many species and serogadlegionella can
cause disease (3)egionella is an important waterborne bacterium that poses a
significant health risk to people exposed to thgaarsm in aerosolized water
droplets from contaminated water systems (7). Wampling forLegionella
bacteria is an essential component of investigatadriegionnaires’ disease

outbreaks and sampling is useful in identifyinggoially contaminated sources



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

with Legionella isolates sometimes used to identify the sour¢befmplicated
etiologic strain. In addition, water sampling fagionella is sometimes utilized to
assess the efficacy of maintenance programs amdetison procedures where
sample quantitation is particularly importamhegionella bacteria are widely found
in low levels in natural bodies of water (8) antdtimes, in potable and non-
potable building water systems (7). Identificataiten involves cultures of the

bacteria in samples of water to which people aposed.

To identify Legionella in water samples, the U.S. Centers for DiseasdrQland
Prevention (CDC) and the European Health Prote&gency recommend culture
analysis. Culture analysis, however, has inheranahility — as do any other
guantitative microbiological culture methods (99r Example, if culture analysis
Is performed on a particular water sample and tepaaamediately on the same
sample, the first concentration will likely not laentical to the second one,
reflecting inherent measurement error. In partabse of this measurement error,
proficiency testing of laboratories that perfocegionella analyses is conducted
by the CDC Environmentédlegionella Isolation Techniques Evaluation (ELITE)
program in the U.S. and by the Centre for Infedifood and Environmental
Proficiency Testing Unit (FEPTU) in Europe. Theandnt measurement error in

culture analysis is indicated by results from tHi&@CCElite proficiency testing
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program (10); they report a between-laboratorydsesh deviation of 0.62 logs for
the reported.egionella counts (log transformed), similar intra-laboratory
variability, and an even greater deviation of ré@dicounts from what was

considered the true value.

In a recent publication, McCoy et al. (11) notet #aor in estimated counts from
Legionella culture analysis could arise due to a delay itiq@ethe cultures, such
as would occur if a sample was shipped overnigithfthe collection site to the
laboratory. They report that culture analyses thaiated immediately yielded
different results than did analyses that were d&ldyy holding samples for 6 or
more hours at room temperature before plating. INptahey report that
Legionella counts on 52% of their cultures plated immediatiffer by one order
of magnitude or more from counts obtained fromesad culture of the same
sample, apart from the 6 plus hour delay. Theybatie the differences to the
holding times. The authors report no systematitepaof differences: they report
that culture results processed after holding caeither substantially higher or
substantially lower than immediately processeducaltesults, with no apparent
systematic trend in either direction. If holdimgé does adversely impact sample
results, their findings have significant implicatsofor water sample collection and

analysis foiLegionella during outbreak investigations and risk assesssnent



96
97 Measurement error is an unavoidable component ofatiological sampling,
98 particularly when analyzing small-volume samplesg€ulture media, such as
99 testing for bacteria in water (12, 13). It canrteoduced during a number of
100 analytical steps, including unaccounted for vasiain sample volume analyzed,
101 pipetting, spread plating, selective procedures sxscacid or heat treatment, and
102 incubation conditions (9). Measurement error dan be due to variability in
103 water sample characteristics including concentnatiiothe organism in the sample,
104 concentrations of competing organisms in the sanaph®unt of debris, and the
105 non-uniform distribution of organisms in the samespite its importance, we
106 identified only two peer-reviewed, published stgdieporting within-sample
107 measurement error results fagionella culture (10, 13), a third publication
108 referring to one-order of magnitude “precision”watit indicating how the
109 estimate was derived (11), plus websites, suchasetthat had reported results
110 from European proficiency testing (10).
111
112 A potentially important limitation of the study cCoy et al. is that they did not
113 account for the variability that is inherent in tmécrobiological culturing of
114 Legionella samples (“measurement error”). Although they rédet-log

115 “accuracy”, the methods described for evaluatiothefeffect of holding time do
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not account for measurement error, for examplespligation or analytic
correction. Instead, the authors attributed affeidince between the immediately
processed culture result and the correspondingt fesihe same sample obtained
after a delay entirely to the holding time. Howevkthe inherent measurement
error is important, it could account for most o tiifference between the culture
result obtained from the immediately processed $aanpd the result obtained
from the sample processed after holding. On therdtand, if the measurement
error is relatively small, it would not account the differences between these
culture results. Thus, it is important to accoimntinherent measurement error in
evaluating the importance of any impact of holdinge onLegionella culture

results.

The primary goal of our study is to estimate thpaet of holding time on culture
results after accounting for the random within-sample measureragot that
affects culture analyses. In particular, we estinthé average change in culture
results and the proportion of samples in whichlLiéggonella count changes by at
least an order of magnitude after a one-day d&lagondarily, we assess the
within-sample measurement error in culture requit€essed by direct culture,
both with and without delays. To estimate andcmoant for inherent

measurement error, we based analyses on repliclitiees — both for samples
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plated immediately in the field, and for samplesgassed in the laboratory after

holding/shipping for one day.

2. Methods and Materials

2.1. Water sample collection procedures and plaaingedule

Group A samples

Ninety 125-ml samples were collected from six defg hotel buildings using
sterile polypropylene containers containing sodibiosulfate, a chlorine and

other oxidizing biocide neutralizer. The samplgsresent many types of water
systems (predominantly potable, but also non-petalgiter). Samples were
collected from hotel water systems and includedvgns, sinks, spa tubs, hot water
storage tanks and return systems, and two coaingrs. These samples were
collected in October 2012 in Nevada and Califoemd shipped from these

locations.

Each of the original samples was split into16 soias (8 replicates to be
analyzed promptly in the field (Time=0) and 8 reptes to be analyzed after

shipping (Time=1)). Each of the 16 subsamples wahsléd with a unique code
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number to blind laboratory analysts to the timsarple processing and identity
of the original sample. All eight of the Time=0bsamples were promptly plated
in the field (within a maximum of 2 hours of colten) and incubated at 35.

The next day, the inoculated media plates for th@&=0 subsamples were
shipped via priority overnight service in insulateakes to the laboratory. Upon
receipt at the laboratory, the Time=0 plates wecailbated under recommended
conditions of 38C with 3% CQ for the remainder of the analysis. The remaining
8 subsamples (Time=1) were shipped on the dayltHation via priority

overnight service in insulated boxes to the lalmyyafor receipt the following day.
These samples were plated at the laboratory odahef receipt and incubated at
35°C with 3% CQ. All analytical procedures performed on the Timsa@nples
(plated promptly in the field) and Time=1 samplelaied after shipping) were the
same, except for the differencediming of the plating, shipping, and incubation

as described above.

Group B samples

In addition, 69 samples were collected from buidiater systems within close
proximity to our laboratory which is located nedtafsta, Georgia. These samples
were collected from one hospital and from multipleldings at a large industrial

complex and types of sources included sinks, shavet water tanks and four
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cooling towers. These samples were collectedlywahd August 2012 (26
samples) and in March 2014 (43 samples). All ethsamples were immediately
transported to the laboratory where each, origgaaiple was split into16
subsamples (8 replicates were plated and inculpaitedptly (Time=0) and the
other 8 replicates were held overnight at room &napre (21-2%C) prior to
analysis the next day (Time=1)). Because of theeclmroximity to our laboratory,
the plating of the Time=0 subsamples was performigan 2 hours of collection
and incubated immediately without any need forrinigting incubation for
shipping samples to the laboratory. The remaiBisgbsamples (Time=1) were
held overnight at room temperature (2°@pB(to simulate delays due to shipping)
and plating was initiated within 22 to 26 hoursoflection using identical
methods to the Time=0 samples. The results flesd 69 samples (Group B)
were similar to the 90 samples (Group A) colledtedh other sites, so we reported
results from all samples combined in Section 35B(damples, 1272 replicates at
Time=0 and 1272 replicates at Time=1, n=2544)sdction 3.2, we also present
results for Group B samples only. Importantly, thesas no difference in sample
preparation and culture analysis used for samptasepsed immediately in the
field (Time=0) and after shipping to the laborat¢fyme=1) in both the original

69 samples and the larger sample size of 90 samples

10
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2.2. Culture analysis fdregionella

All water samples (both from Time=0 and Time=1) &vanalyzed using methods
described below which include minor modificationghe published CDC method
(14). Direct plating as well as acid treatmenthaf samples (1:1 and 1:2 ratios)
was conducted in the analysis. It should be ntitatlall concentration steps were
omitted from the analysis (Time=0 and Time=1),idiafion is not practical to
perform in the field, outside of the laboratoryor fhis study, 0.1 ml of the water
sample was spread plated onto two media: buffanadcoal yeast extract (BCYE)
agar and modified GPVC (glycine, polymyxin B, vangain - without
cycloheximide). A total of three BCYE agar platesl three modified GPVC
plates were inoculated for each sample and incdkmt85C with 3% CQ. After

4 days of incubation, all media were examinedatitifor the presence of
bacterial colonies having characteristicd efionella bacteria. Incubation of all
culture plates continued for a minimum of 7 dayd ammaximum of 9 days with
all final visual examinations for presencelefjionella colonies occurring no
earlier than Day 7.egionella colony counts were recorded as colony-forming
units per milliliter of sample (CFU/ml). Final coentrations for each sample were
calculated using the sample treatment that resultdte best recovery of
Legionella bacteria. Both types of media as well as the tpkxte and acid

treated portions of the sample were evaluatedteriohne which resulted in the

11
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greatest recovery dfegionella colonies. The limit of detection (LOD) for this
culture method is 10 CFU/ml. Suspect colonies wazatified to genus level
based on microscopic examination of colony charesties and demonstrating the
requirement of L-cysteine Some isolates (thosectltiefrom local samples) were
further identified to the species and serogrouplley serologic methods using
monovalent and polyvalent direct fluorescent aribeeagents and/or slide

agglutination tests (15, 16).

2.3. Data analysis

We calculated descriptive statistics, including pineportion of culture results in
which Legionella was detected, mean, median and geometric mearns¢@inal
standard deviations by experimental group refetoes the “Time=0" and
“Time=1" groups. To reduce the possible impact & high values, most
analyses are based on logarithmic transformatiasgli0). Before taking
logarithms, we replaced values less than the fnatetection (LOD = 10 CFU/ml
which is reported by Lucas et al. to be approximgates LOD (10)), with the LOD
divided by 10; with this substitution the differenon the log scale between a

count at the LOD and a value less than the LOPemtéd as a 1 log difference.

12
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We used a number of measures to characterizeféa ef holding time on
Legionella counts. One measure of the impact of holding teitbe overall
average difference between the counts at Time=Qleow# at Time=1, thus, we
compare the means, medians and geometric meanmsetd with those at
Time=1. A second measure of the effect of holdinggtis the absolute difference
between the mean count of the 8 subsamples at Dirfwrthe log scale) and the
corresponding mean of the 8 subsamples from the sample at Time=1. We
refer to this measure, when averaged over all 4$pkes, as the mean absolute

difference (MAD).

To assess within-sample measurement error, welatgduthe within-sample
standard deviation at Time=0 and Time=1. We al$cutated the root mean
squared error for the Time=0 and for the Time=1santples (see Appendix A for
the equation used for the estimate and for an eaptan of why it is unbiased, if

the assumption that thmean of the 8 replicates at Time=0 is unbiased).

We also evaluated how a binary analytic approaghtrchange by accounting for
within-sample measurement error. Therefore, wegmta®esults of “sensitivity”
and “specificity” analyses with counts dichotomizgdhe LOD (10 CFU/ml). To

account for (most of) the within-sample measureneerdr, we based classification

13
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on the median of the 8 Time=0 subsamples. For theslyses, a “true positive”
was operationally defined as a sample in whichntledian of the 8 subsamples at
Time=0 was greater than the LOD,; all other samplere operationally defined as
“true negative”. Using the true positive samplessstivity was then calculated as
the proportion of subsamples at Time=1 that wemvalthe LOD; using the true
negative samples, specificity was calculated aptbportion of subsamples at
Time=1 that were below the LOD. In sensitivity ysas and for completeness,
we also analyzed these data using mixed, randautsflinear models (methods

and results in Appendix B).

We conducted statistical analyses using all san{pke$59 samples, 1272
replicates at Time=0 and 1272 at Time=1) and te@eated analyses, restricting to
those samples (n=82) for which 1 or more of theudltssamples was at or above
the LOD (see Appendix C). We also performed sepaatlyses for the 69 Group
B samples (552 subsamples at Time=0 and 552 sulssaiplime=1) that were
collected near our laboratory. These Time=0 subssswere processed
immediately and analyzed without interruption (Seetion 3.2 and Table 3). In
sensitivity analyses, we replaced values below.tB with the LOD divided by

the square root of 2 (rather than 10) and re-estichéne root mean squared error

and repeated analyses based on random effectssnddtfel also repeated analyses

14
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with no transformation, or using random rather thaed effects for sample,
conducted analyses using a variance componentsl mateestricted maximum
likelihood, and maximum likelihood and type | sufrsquares methods - all

sensitivity analyses led to similar conclusions.

3. Results

3.1. Results for all samples (Group A and Group B)

As shown in Table 1, the geometric measgionella count for the 1272
subsamples processed immediately was 3.43 (aritbhmetn40.0) and for those
processed after holding was 3.61 (arithmetic me#&)4The count was about 0.02
logs (4 %) or 7.5 CFU/mI (19%) higher, on averagter holding. Approximately
31% of the 1272 subsamples hadegionella count of 10 CFU/mI or greater, both

at Time=0 and Time=1.

The average of the 159 within-samplmsolute differences between the mean of
the 8 replicates at Time=0, and the mean of thepBoates of the same sample at
Time=1 was 0.121 logs (Table 2). In other wordtgradccounting for (most of)
the within-sample measurement error by averagia@treplicates, the count
changed by only 0.121 logs, on average. The maximdosolute difference

between these means was 1.06 logs and only a sialgie of the 159 absolute

15
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314

differences changed by 1 or more logs, after adoagifor within-sample error.
The average of the 159 within-sample standard tlews, an indicator of within-
sample measurement error, was 0.202 logs at Tiraad0t was only slightly

greater at Time=1 (0.208 logs).

The estimated root mean squared error at Time8@I[&/ logs using the Time=0
sample-specific mean concentration as the trueevallne estimated root mean
squared error at Time=1 is 0.370 logs, again ugiaglime=0 sample-specific
mean concentration as the true value. Thus, weatithat holding time increases
the root mean squared error by about 9.8%, agaumaag that the subsamples

processed immediately are unbiased.

Fifty-two samples were operationally defined asétpositive” when we
dichotomized samples using the median of the 8asupkes processed at Time=0
to partially account for within-sample random measurement eNdith the
Time=0 median as the “gold standard” for each santpk sensitivity of the
cultures obtained at Time=1 was 81.7 % and theifspgcwas 91.6%. However,
when we restricted the positive samples to those/fach the median of the

8 Time=0 results was greater than twice the lirhdetection (> 20 CFU/ml), the

sensitivity of the individual Time=1 subsamples Was/% (i.e., without

16
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334

accounting for measurement error at Time=1). Thdiameof the 8 subsamples at
Time=1 exceeded the LOD for these 49 of theseld2psitives (sensitivity
would be 94.2%, if based on the median of the Timesbsamples) and the
median of the 8 subsamples at Time=1 for 106 ofl@#&“true negatives” were
less than the LOD (specificity would be >99 %, alskd on the median of the
Time=1 subsamples). We repeated the analysis witmmounting for
measurement error by randomly selecting 1 of thie&=0 replicates, treating it
as the gold standard and comparing it with onéefrandomly chosen Time=1
replicates. To increase stability, we repeatedghogess 50 times. Without
accounting for within-sample measurement erroflabar estimates of differences

were lower (sensitivity = 80.1 %, specificity = 90).

3.2. Results for only Group B samples

We also examined the 69 samples for which the TOrs&mples were processed at
the laboratory within 2 hours of collection and Time=1 samples were held until
the following day (to simulate shipping) prior tmpessing (Table 3). The average
of the count in these 552 subsamples when processeediately was 18.7

CFU/mI (geometric mean3.40) and the mean was 1BlJ/i@l (geometric
mean3.30) for samples processed after holdingth®fog scale, the counts

increased, on average, by 0.03 logs from Time=lrwe=1.

17
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The average of the 69 within-samplesolute differences between the mean of the
8 replicates at Time=0 and the mean of the 8 rafggof the same sample at
Time=1 was 0.125 logs. In other words, after actiogrfor most of the random
measurement error, the absolute difference in sowat 0.125 logs, on average.
The maximum absolute difference between these megas$.875 logs and no
value of the 69 absolute differences exceededmooe logs, after accounting for
within-sample error. The average of the 69 witbample standard deviations, an
indicator of within-sample measurement error, w229 logs at Time=0 and

0.215 logs at Time=1.

The root mean squared error at Time=0 was 0.36@ube Time=0 sample-
specific concentration as the truth. The root megarared error at Time=1 was
0.388 using the Time=0 sample-specific mean conagon as the truth. Thus, we
estimated that the root mean squared error inadas&.8% after holding — if we
assume that the subsamples processed immediateynbaias. We found similar
results, in sensitivity analyses using mixed ranadfacts linear models (see

Appendix B).
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4. Discussion

The results of our study suggest several impodantlusions concerning
Legionella culture analysis. First, we found tHadgionella levels were about 0.02
to 0.05 logs higher, on average, and that the meedn squared error was less than
10% higher after holding for 1 day. These changss@ated with holding time
are relatively small compared to the within-sampkasurement error. Second,
when accounting for measurement error, we fountthieaabsolute difference
between the mean Time=0 and Time=1 results wad smialodest in nearly every
sample, and for only one of 159 samples (less 18anchanged by 1 log after
holding. Thus, a delay in processing such asabsiciated with the common
procedure of overnight shipping of water samplgseaps to allow for reliable
enumeration oLegionella bacteria. Third, we found that within-sample
measurement error (without using concentrationsstefgupplement the method,
l.e., direct plating only) was about 0.3-0.5 logsis was non-negligible, but likely
consistent with values reported from the Europeafigiency testing (10).
Therefore, there is inherent measurement erronimiitegionella culture analysis,
even in subsamples processed identically and witthelay, which cannot be

disregarded.
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When we did not account for within-sample measurdgraegor by using only one
of the replicates, the sensitivity and specifiafythe held/shipped samples were
relatively lower — if we treat the immediately @dtsamples as the “gold
standard”. This lower sensitivity and specifioigre due primarily to
measurement error and not to holding time becanse we accounted for
measurement error in both the Time=0 and Time=1ifi@ct plate (unfiltered)
samples, the estimated sensitivity and specifioityeased (estimated 100% and
97.7%, respectively, when based on the medianpiteded subsamples). Thus, if
we had ignored within-sample measurement error wéthave had very
different findings. The sensitivity and specificrigported here would be even
higher if concentration steps typically used as pkour laboratory procedure for
in-house laboratory analysis, were applied in shisly to both Time=0 and

Time=1 samples.

We note that sensitivity and specificity can be satmat artificial measures of data
guality forLegionella culture counts if the results are reported quaintely, as we
and several others do. Furthermore, we and soneesotbcommend a graded
interpretation of and responseltegionella culture results, based on 4 or 5 levels
or categories. Successively highegionella levels and increased potential for

exposure to aerosols require greater need for msgpand action (18, 19, 20, 21,

20



394 22). Also, a count that, for example, erroneotsllg into an action level range
395 that is higher than the true level for the sampbeild likely be close to the cut

396 point between the levels (since root mean squared is not large).

397

398 Our results concerning the impact of holding time @ot inconsistent with those
399 of Barbaree et al. (17), although they evaluatedhmanger holding times (30 and
400 150 days). As did we, they used replication. Teamples when held for 30 days
401 at 25C, had an overall decrease in counts — but deggtenuch longer delay,

402 they found, much like us, that the counts did mainge in any sample by 1 log or
403 more. Our results are partly consistent with thafsSBoulanger and Edelstein (13),
404 although they addressed a different goal usindgfardnt study design: they

405 primarily addressed the recoverylagionella from seeded tap water. However,
406 they report, as do we, substantial measurement @vioch they characterized as
407 variability in the recovery rate). On the other tatiney report lower sensitivity

408 (18 — 30% for counts <50 CFU/ml) than did we (75%iane=1, restricted to

409 samples with a count <50 CFU/ml based on treatinge¥0 median as the truth),
410 although this might be accounted for by differencesulture methods and our use
411 of real-world samples and an operational gold steshdather than seeded samples

412 with known concentrations. Furthermore, Boulareyed Edelstein report that
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432

reduced recovery dfegionella is attributed to cast membrane filtration,

centrifugation, and acid treatment (13).

We found less than 1% of thegionella counts changed by 1 log or more after
holding once we accounted for within-sample measarg error. A key reason
for our finding probably reflects replication tocacint for within-sample
measurement. This contention is supported by gaten experiment and by
theoretical calculations: if the delays had hacfiect, one would have expected
to find, on average, approximately half the samplenging by 1 log or more
from Time=0 to Time=1. In our computer experimemt, simulated no effect of
holding, but included normally distributed measueatrerrors having a 1-log
standard deviation (for reference one group (1ferseo an “accuracy” of about 1
order of magnitude for real-world samples). In, 000 simulated subsamples,
48% of samples changed by 1 log or more. Theselaiatupercentages are much
higher than those we found- reflecting the imparéanf accounting for
measurement error. In another computer experinmenglso simulated an effect of
holding combined with the measurement error; ia ffeicond experiment more
than 70% of samples changed by 1 log or more (dbpgron the magnitude of
holding effect) —-more than the 48% seen when tiseme effect of holding time.

[The r-program we used to simulate measurement anw sample-to-sample

22



433 variability before splitting the samples is avaiéabn request.] This computer

434 experiment and theoretical calculation stronglygasg that results can be heavily
435 influenced by measurement error alone. If measen¢m®rror is ignored

436 differences can occur and give the improper impoesthat holding time is having
437 an effect.

438

439 There are some limitations to our study that shoelshoted. For some samples
440 (Group A) the Time=0 plates were shipped overnigghs interrupting the

441 incubation time, but for other samples (Group &) Thme=0 plates did not have
442 an interruption in incubation. Also, the Time=bsamples for Group A were

443 shipped, but the Time=1 subsamples for Group B \wel& overnight at room

444 temperature (21-28) to simulate a delay in processing due to shippidowever,
445 the results from these two groups were very sinfdae, e.g. Section 3.2 and Table
446  3).

447  Another possible limitation is that we only assdssdolding/shipping time of

448 approximately one day. Itis possible that samgphegped by methods slower than
449 overnight delivery, or from more distant locatioresguiring longer shipping times,
450 could experience higher holding time effects thdwatwe report. However, a

451 majority of our samples (Group A, Time=1) were adljushipped across the

452 country so they are representative of delays dueabworld overnight shipping
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472

which we and others recommend. Also, using vargtasstical approaches, we
provide several measures of the amount of erravdiniced by holding time. In
reality, these estimates for Group A include enaironly from holding time, but
also from the limitations introduced by performsgmpling in the field rather than
under controlled laboratory conditions. For examiflcould be anticipated that
shipping the field inoculated petri dishes in l#san ideal incubation conditions
during the critical growth phase of the organisnag/inave an effect of slowing
growth and potentially lowering the resulting cauktowever, this limitation does
not apply to the 69 Group B samples (all procesamdholding occurred in the

laboratory).

Because of practical limitations in the field portiof this study and for
consistency of the field and laboratory analysesgig not include filter
concentration steps as a component of sample @miages-iltration otherwise

would be a normal component of our analytical pdoce for samples processed at
our laboratory. Because we accounted for withinygla measurement error (by
replication), the added step of filtration shout/é had a relatively smaller effect
and is not required for our assessment of the itnpfdwolding time, our primary
study goal. In particulat,egionella counts changed only slightly after

holding/shipping (about a 1-day delay) and in dnsample did the sample-
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specific mean change by 1 log or more. Our secqnglaal, assessing the
maghnitude of measurement error before and aftelifgpl concerns primarily the
direct culture (unfiltered) results. Our suppletaénesults (Appendix D) for
within-sample measurement error in the 26 cultpresessed with filtration (and
also without) give some guidance for within-sampkasurement error when
filtration is also performed. It is likely, andmgistent with our supplemental
results, that the inherent measurement error wartremuld be similar or even
lower, and sensitivity and specificity higher, Bamples processed using
concentration steps - especially so for samplds lawer counts, closer to the

detection limit.

5. Conclusions

* In our evaluation of the effect of holding/shippitige onLegionella
culture results, we found that measurement ergrighinherent in
culture results was important.

» After fully accounting for measurement error, teastivity and
specificity of held/shipped samples were both \regh.

» Compared with the inherent measurement error tuiikesults, holding
had only a small effect on results. In fact, hofdincreased the

estimated root mean-squared error by less than 10%.
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* Holding time, in particular for samples receivedat laboratory within
one hour of collection (Group B samples), appeafsatve minimal effect
on quantitative results — in none of the Group B@as did the culture
result change by 1 log or more.

» Our results suggest that delays in sample proagssich as those due to
shipping water samples via overnight services do¢$ead to invalid
results and should not have a practical impachterpretation of

Legionella culture results.
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TABLE 1.Summary of Legionella culture results by time (all samples, n=2544)?

Time Mean’ Logl0 Median Mean® (no Percent sb?  Min Max
(GM) transformation) > 10
CFU/ml
0(n=1272)  0.536 (3.43) 0 40.0 31.4% 0845 0 3150
1(n=1272) 0.557(3.61) 0 47.6 31.4% 0882 O 1980

@Before taking logarithms, all values < LOD replaced by LOD/10.
P Mean count after logarithmic transformation; geometric mean.
¢ Arithmetic mean.

d Standard deviation, after logarithmic transformation.



TABLE 2.Summary of Legionella culture results based on mean of 8 replicates at each time (all

samples, n=159; Group B, n=69)?

Mean Absolute Median Absolute Max Proportion of Mean
Difference” Difference’ Absolute  differences> 1°
Difference
All (n=159) 0.121 0.011 1.06 0.006
Group B 0.125 0.000 0.88 0

(n=69)

@Before taking logarithms, all values < LOD replaced by LOD/10.
b Difference between mean at time 1 and time O: [Means; - Means |-

¢ Difference between median at time 1 and time 0: [Medians; - Median |.
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TABLE 3.Summary of Legionella culture results by time (Group B samples only, n=1104)%

Time Mean’ Logl0 Median Mean® (no Percent sb?  Min Max
(GM) transformation)  >10
CFU/ml
0(n=552) 053(340) 1 18.7 344% 0767 0 360
1(n=552) 0.48(3.03) 1 18.7 30.2% 0.767 0 330

@Before taking logarithms, all values < LOD replaced by LOD/sqgrt(2).
P Mean count after logarithmic transformation; geometric mean.
¢ Arithmetic mean.

d Standard deviation, after logarithmic transformation.



In this Appendix we justify our estimate of the root mean squared error (RMSE), when the goal is to estimate the
true mean in each sample at time 0. We make a "worst case" assumption - that the true mean in each sample at
time 0 is estimated without bias by the cultures processed immediately. In other words, we assume that with a
very large number of repetitions (we used 8) the mean of the cultures processed at time 0 would be arbitrarily
close to the true mean. If the assumption is incorrect and the time 1 mean is less biased than the time 0 mean,
we would tend to underestimate the RMSE at time 0 and overestimate the RMSE at time 1.

With this worst case assumption, the mean squared error in the samples cultured at time 0 (denoted by MSE,) is
the average of the sample-specific variances for the samples processed at time 0. Thus, MSE, is consistently
estimated by

1
1) MSE, =7 o=1 k=1(Ys0x — ¥s0)?

S0 in expectation

2) E[MSE,]=3 §

N|-

1
=1 2:1 E[(Ys0k _yS,O)Z] =3 :2:1052,0

ik

where: Y, «is the cfu per ml, in sample s, at time t, repetition k for s=1,..., S, t =0, 1 and k=1,...,8; isthe y¢ is
the observed mean of the 8 subsamples of sample s at time 0; and, 052,0 is the measurement error variance in
sample s at time 0. We estimate the MSE in the time 1 samples (MSE;) as:

1
3) MSEy = =1 i=1(Ys1k = Vs0)® — MSEo/8

The root mean squared error is estimated as the square roots of these quantities. We define the MSE in the
sample at time 1 as:

1
4) MSE; = 521 Re1(Ysip = Hsp)?

where g 1 and ;o are the true means in sample s at time 1 and 0, respectively. The right hand side of Equation
(4) is the overall mean squared error - the average over samples of the sample-specific mean squared errors.

We now show that the expected value of our estimate in Equation (3) equals MSE,, as defined in Equation (4).
By adding and subtracting the true means, we can rewrite Equation (3) as:

1
5) MSE; = s=1 k=1(Ys 1k = Hso + Hso — Vs,0)> — MSEy/8
Taking Expectations, E[.] on both sides of Equation (5) and re-writing we obtain:

1
6) E[MSE;] = gE[ 5o1 j=af( Yok — Hs0)® + (s — Vs,0)?

MSE,
+ Z(Ys,i,k - .us,O)(:us,O - YS,O) } - 8 0]

1
= 8S §=1 g=1{E[( Ys,i,k - .us,O)Z] + E[(Ms,o - ys,O)Z]



E[MSE,
+ ZE[(Ys,l,k - .us,O)(:us,O - 3’5,0)]} - [ 8 ]

E[MSE,]

1
“as $=1 k=1 El(Ysak — Hs0)?] + 080/8 — 5

1
= %8s §=1 2:1 E[( Yo10 — ﬂs,o)z]

where we have used E[(Vy1x — Hs,0)(so = Ys0)] = 05 3oy o E [(Hso = ¥s0)?] = $o4 0%0= SEIMSE,].
The last line in Equation (6) is the same as definition of MSE; (right hand side of Equation 4), proving that the
estimate of we use correctly estimates the mean squared error, averaged over samples, under our worst case
assumption.
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Appendix B — Sensitivity analyses —mixed random effects lineaaeh

Methods: For completeness and as additional seitgiéinalyses, we also analyzed
our experimental data using a mixed, random effl@wsr model, with fixed
effects for sample, a random effect for method widample (either immediate or
held), and a random error term. We used a logaitttransformation (base 10) to
improve normality and to decrease the impact okually high values. Although
the distribution of counts even after logarithmenisformation was somewhat
skewed when we studied all samples, they provittednative, supplementary
estimates of measurement error. We also use addaxapproach; the inverse
square root transformation yielded a slightly lowsor sum of squares than other
transformations, but even so use of this transfoangielded a similar pattern of
results to use of the logarithmic transformatiothiat the within sample error
(square root of the mean squared error) was sulatamargerthan the average
change after holding/shipping. Other models, agncluding a random rather

than fixed effect for sample also yielded similattprns.

Results: The mixed random-effects linear modelgatdd a similar pattern. We
found an average increase in counts from Time=0rtee=1 of 0.02 logs. The
estimated measurement error standard deviatiorab@st 0.34 logs, and the

additional error associated with holding time wamab (0.10 logs) — both
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consistent with our direct estimates. The pattess similar with no

transformation and with the inverse square roaotsti@amation.

Mixed random-effects linear models indicated a Einpattern when we evaluated
the 82 positive samples. Here the distribution mase nearly bell-shaped after
logarithmic transformation. We found an averageaase from Time=0 to Time=1
of 0.04 logs. The estimated measurement erradatd deviation was about 0.47
logs, and the additional error associated with ingldime was small (variance =
0.02). The pattern was similar with no transformatiwith the inverse square root

transformation and with the logarithmic transforimat
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Appendix C- Supplementary Results — results for positive sasmiéy

We also examined the 82 samples for which at @astculture in any of the 16
replicates for a sample was 10 CFU/ml or greateppf&mentary Table 2 below).
The average of the count in these samples whergsed immediately was 77.6
CFU/ml (geometric mean 10.9) and the mean was©EL¥ml (geometric mean
12.0) for samples processed after holding. Onafpescale, the counts increased,

on average, by 0.04 logs from Time=0 to Time=L1.

The average of the 82 within-samplesolutedifferences between the mean of the
8 replicates at Time=0 and the mean of the 8 rafggof the same sample at
Time=1 was 0.235 logs. In other words, after actiogrfor most of the random
measurement error, the absolute difference in sowats 0.235 logs, on average.
The maximum absolute difference between these mgasd.06 logs and only a
single value of the 82 absolute differences exagddar more logs, after
accounting for within-sample error. The averafhe 82 within-sample standard
deviations, an indicator of within-sample measuneneeror, was 0.391 logs at

Time=0 and 0.404 logs at Time=1.

The root mean squared error at Time=0 was 0.50&ube Time=0, sample-

specific concentration as the truth. The root megarared error at Time=1 was
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0.522 using the Time=0 sample-specific mean conagoi as the truth. Thus, we
estimated that the root mean squared error inadas8.1% after holding — if we
assume that the split samples processed immedtaagl/ no bias. We found

similar results, in sensitivity analyses using ndixandom effects linear models.

SUPPLEMENTARY TABLE 1: Summary dfegionellaculture results by time (Positive

samples only, n=1312)

Time Meafi Logl0 Median Meah(no  Percent SO Min Max
(GM) transformation) > 10
CFU/ml
0 (n=656) 1.04 (10.9) 15 77.6 60.8% 0.928 03150
1 (n=656) 1.08 (12.0) 15 92.3 61.0% 0.971 01980

@Before taking logarithms, all values < LOD repladgd.OD/sqrt(2).
PMean count after logarithmic transformation; geaietean.
¢ Arithmetic mean.

4 Standard deviation, after logarithmic transforrmati
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Appendix D- Supplementary Results — sample analysis includted fi
concentration

For the 26 samples collected near the laboratbey16 split samples were 0.125
liters; we cultured each portion of each sampléaeut filtration as described in
method (only these results without filtration aregented in the main text). We
also filtered the remaining portion of each spinple (about 0.100 liters),
cultured 8 at Time=0 and 8 at Time=1 (as above) ndie consider the culture
results when filtration was used (total of 26x2x®64otal culture results with
filtration; Supplemental Table 1). We obtaineditanresults for these 26
samples, whether we used the results from proaesgsth or without filtration. In
particular, we found a small difference betweenrigans at Time=0 and Time=1
(Supplementary Table 1) and the mean absoluteréifées were 0.095 with
filtration and 0.096 without filtration. Furtherm@rthere was no sample that was
positive at the LOD (10 CFU/mI) when filtration wased, but negative without
(or, conversely) after accounting for within-sampleasurement error. Estimates
of overall measurement error, the root-mean squamedl, were 0.33 and 0.28 at
Time=0 and Time=1 respectively, both with and withfiltration. The estimate of
within-sample measurement error, characterizedhéyaverage within-sample
standard deviation, was 0.19 at Time=0 and 0.T5na¢=1, both with and without

filtration. However, when we used an LOD of 1 Ckil(attainable with
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filtration), the mean absolute difference, root-meguared errors and average
within-sample standard deviations favored therfiteresults (.e.g., average
within-sample standard deviation was 0.19 for fdteand 0.23 for unfiltered

results at Time=1).
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SUPPLEMENTARY TABLE 2.Summary dfegionellaculture results by time using only results

based on filtration (=416

Time MeafiLogl0 Median Meah(no Percent SD*  Min Max
(GM) transformation) > 10
CFU/mlI
0 (n=208)  0.325 (2.11) 0 9.43 221% 0639 0 180
1 (n=208)  0.385 (2.43) 0 15.3 245%  700. 0 270

826 samples were processed both with and withduatiibn; for our main results, use only the
results based on unfiltered samples — so that rdetae consistent throughout;

®Before taking logarithms, all values < LOD replatsd.OD/10.
“Mean count after logarithmic transformation; geamenean.
dArithmetic mean.

°Standard deviation, after logarithmic transformatio



