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Abstract: Flushing tap water is often promoted as a simple and low cost approach to reducing water 19 
lead exposures. This study evaluated lead reduction when prevailing flush guidelines (30 seconds-2 20 
minutes) are implemented in a city compliant with lead-associated water regulations (New Orleans, 21 
LA). Water samples (n=1,497) collected from a convenience sample of 376 residential sites (2015-2017) 22 
were analyzed for lead in samples collected: at 1) first draw (n=375), and after incremental flushes of 2) 23 
30-45 seconds (n=375), 3) 2.5-3 minutes (n=373), and 4) 5.5-6 minutes (n=218). There was no significant 24 
reduction when compared to the first draw lead level, until the 6 minute flush (p<0.05); but most sites 25 
(52%) still had detectable lead (≥1 ppb) after 6 minutes. Older homes (pre-1950) and low occupancy 26 
sites had significantly higher WLLs (p<0.05).Each sample type had health-based standard exceedances 27 
at over 50% of sites sampled (max: 58 ppb). While flushing is an effective short-term approach to 28 
remediate high lead, prevailing flush recommendations are an inconsistently effective exposure 29 
prevention measure that can often inadvertently increase exposures. Public health messages should be 30 
modified to ensure appropriate application of flushing for specific cities, while acknowledging its 31 
short-comings and practical limitations. 32 
 33 
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1. Introduction 39 
 40 

The knowledge that no safe threshold for childhood lead exposures has been found [1], and increased 41 
awareness of lead in drinking water triggered by the events in Flint, Michigan, have contributed to a 42 
renewed emphasis on preventing exposure to Pb in drinking water. Waterborne Pb may be a more 43 
significant source of total Pb to young children when compared to estimates made three decades ago [2], 44 
and can represent the most significant source for formula-fed infants [3]. In 2010, the Unites States (U.S.) 45 
Environmental Protection Agency (EPA) acknowledged that significant “exposure to <water> lead may 46 
be taking place, even though the action level is not exceeded” [4]. Water lead levels (WLLs) below the 47 
drinking water Pb Action Level (AL=15 ppb) are predicted to cause exceedance of the U.S. Centers for 48 
Disease Control and Prevention’s (CDC) childhood BLL Reference Level [5 micrograms per deciliter 49 
(µg/dL)] in 9-25% of exposed children [5,6]. Chronic exposure to water lead levels (WLLs) as low as 1 50 
ppb, which is the detection limit for many laboratories, have been estimated to increase a child’s BLL by 51 
35% after 150 days [7]. This information underscores a critical need for vulnerable populations to take 52 
proactive precautionary measures to prevent chronic exposures to low-dose waterborne lead.  53 
 The EPA’s Lead and Copper Rule (LCR) regulates control of Pb in tap water [3]. It mandates that 54 
water utilities sample tap water in high-risk homes (i.e., homes with lead service lines (LSLs), and 55 
homes with copper pipes with lead solder installed after 1982). The EPA requires that no more than 56 
10% of post-stagnation first draw water samples exceed the Pb AL. In 2015, the National Drinking 57 
Water Advisory Council re-emphasized that the LCR was not intended to ensure protection of all 58 
individuals from waterborne Pb exposure; rather, it was designed as a regulatory tool to identify 59 
system wide problems and broadly reduce lead exposure [8]. Lead from sites built prior to 1986 can be 60 
derived from lead service lines (LSL), which are often the greatest contributor to water lead when it is 61 
present [9]. Water lead can also come from Pb solder in homes built before 1986, or from galvanized 62 
pipes and brass faucet fixtures/fittings through present day construction [10]. 63 
 Flushing is a widely recommended practice to reduce consumer exposure to Pb. Studies report that 64 
repeated periods of extended flushing at high flow rates are an effective remediation strategy when there 65 
are high levels of dissolved Pb [11-16]. The Consumer Confidence Report Rule (CCR) (63 FR 44511, 66 
§141.154) requires that water utilities promote flushing on all annual reports to consumers, “regardless 67 
if a system did or did not detect lead” [17]. This requirement was brought about by EPA’s recognition 68 
that even in LCR-compliant cities, “there are situations where the most vulnerable populations may be 69 
exposed to elevated levels of lead for many months before or without being notified” [17]. The EPA also 70 
requires utilities to promote flushing when a utility is not LCR-compliant. The original messaging 71 
required by the Public Education provision of the LCR (56 FR 26460 §141.85) was “Run the water for 15-72 
30 seconds [or one minute if the home has a LSL], before drinking water to flush lead from interior 73 
plumbing” [3,17]. 74 

The Washington D.C. Lead Crisis (2001-2004) first demonstrated that the standard water lead 75 
avoidance flushing guidance was inadequate during action level exceedances, and that flushing only 15-76 
30 seconds would directly expose consumers to hazards of water that had been held within the LSLs [3, 77 
15, 18]. A decade of follow up research has since confirmed that flushing protocols which reduce 78 
exposure in a given home, are highly dependent on variables that are difficult or impossible to control, 79 
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including, but not limited to: length, configuration, material, condition and disturbance of service lines 80 
or plumbing; water use patterns; spatial changes in chemical and microbiological water quality within a 81 
given distribution system; and type of Pb released (particulates vs dissolved) [9-11, 14-15, 19-37]. In light 82 
of the evidence challenging the efficacy of flushing under different conditions, the EPA identified a need 83 
to further evaluate flushing [38], and revised the LCR and CCR to allow utilities to modify the required 84 
flush time recommendations if they determine longer flush times are needed [17, 39-40]. The EPA 85 
indicated in its updated guidance to utilities that “It is likely that systems with lead service lines will 86 
need to collect data to determine the appropriate flushing times” [4]. 87 

However, this knowledge has not translated into widespread changes in public health messaging or 88 
policies, perhaps because of the dearth of published data on flushing ineffectiveness under select 89 
conditions. Despite the new flexibility authorized by the EPA, industry knowledge of the inconsistent 90 
effectiveness of flushing, and acknowledgement by government officials about the uncertainty of optimal 91 
flush times and frequencies, officials from water utilities [41] and federal agencies [42-44] continued to 92 
provide outdated outreach materials with the harmful advice to flush water for 15 - 30 seconds in systems 93 
with LSLs. While some utilities and public health officials have resorted to adding a general caveat to 94 
their risk reduction messages, that “longer flushing may be required” dependent on site specific site 95 
circumstances, that message does nothing to inform consumers when that instruction applies to their 96 
situation; and it leaves open what “longer flushing” means. 97 

This study explicitly examines concerns that flushing may not be an effective lead reduction strategy 98 
in LCR-compliant cities with LSLs. Prior research on flushing efficacy has typically been conducted in 99 
cities with non LCR compliant systems (i.e., high WLLs and LCR exceedances), rather than the lower-to-100 
moderate WLLs that are typically associated with water systems with optimized corrosion control 101 
treatment [31]. To address this gap, this study was conducted in New Orleans, Louisiana (NOLA), a city 102 
which has consistently met LCR requirements. Best estimates from the mid-1990s suggested that LSLs 103 
may comprise 65-80% of the city’s service line system [45]. After EPA regulations on flush time 104 
recommendations were relaxed, the city’s water utility, the Sewerage and Water Board (S&WB), 105 
continued to promote the original flush recommendations from 2009 to 2015 [41, 46]. At the 106 
commencement of this study, the S&WB encouraged residents to flush their taps “for 30 seconds to 2 107 
minutes before using water for drinking or cooking” daily under normal use conditions [41] (Figure S1, 108 
Supplementary Materials). New Orleans is also representative of many U.S. cities today, in that it has 109 
relatively non-corrosive water, and an aging drinking water infrastructure in need of repair [47]. 110 
Hurricane damage to water infrastructure has necessitated a multi-year project to repair and replace 111 
corroding water mains, LSLs and other underground utilities throughout the city. While over ten years 112 
have passed since Hurricane Katrina, the rebuilding process is ongoing- city and utility officials are also 113 
in the process of conducting 16,000 partial lead service lines replacements (PLSLRs) [48].  114 

The primary aim of this study is to evaluate the effectiveness of prevailing flush time 115 
recommendations commonly promoted by utilities and public health officials for New Orleans. 116 
Specifically, lead levels were measured in cold water post-stagnation samples that were collected at first 117 
draw and after various flush times (30 seconds, 2.5-3 minutes and 5.5-6 minutes). A second objective of 118 
this study is to identify factors which may be associated with WLLs in an effort to better understand 119 
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conditions which may contribute to high WLLs, and identify sites in potential need of targeted 120 
monitoring, outreach, or intervention. Results reveal that low-occupancy and older homes have 121 
significantly higher WLLs; and suggest that LSLs may be a main contributor to NOLA WLLs. Flushing 122 
according to prevailing guidelines (30 seconds to 2 minutes) does not result in significant or substantial 123 
WLL reductions in the city of New Orleans.  124 

 125 
 126 
2. Materials and Methods  127 
 128 

2.1 Site selection and sampling campaign 129 
 130 

This study focused recruitment and sampling efforts in NOLA- in particular, on the city’s East Bank 131 
of the Mississippi River (the city’s source water). Specific information about the water treatment plants 132 
can be found in the Supplementary Materials section. Between February 2015 and November 2016, a 133 
convenience sample of 450 NOLA residents were recruited via news media and word of mouth to 134 
participate in a free water testing effort. Of the original 450 study participants, 421 returned self-collected 135 
water samples (94% return rate), and 381 returned self-administered surveys (85% return rate). A total of 136 
1,497 samples were collected from 375 occupied homes under normal use conditions that met any of the 137 
criteria for potential risk, which included: (1) sites with LSLs or galvanized pipes based on S&WB data 138 
or self-reports (10%); (2) buildings constructed prior to 1950 based on self-reports an approach used by 139 
(59%)[49]; (3) homes of families with lead-poisoned children directed to the study by State’s Office of 140 
Public Health (8%); and buildings located in high risk neighborhoods, as determined by the S&WB’s 141 
LCR-compliance data (26%). Participant and household characteristics (and associated mean WLLs) are 142 
presented in Table S2 (Supplementary Materials). Some sites met multiple criteria- for example, of the 143 
8% of homes with lead-poisoned children, 76% also lived in pre-1950 homes and one reported having a 144 
LSL. Some sites were excluded due to either improper collection of water samples (2 sites) or sampling 145 
outside of the water utility’s service area (10 sites).  146 

To evaluate WLLs in buildings under atypical conditions, samples were also collected by either the 147 
researchers or building owners from 14 sites. These included schools (n=9); and homes with full or partial 148 
LSL replacements (n=5). Residents in homes with LSL replacements were encouraged to purchase water 149 
filters if continued use of the water for drinking or cooking was expected. All of these sites were analyzed 150 
separately from normal use occupied homes.  151 

Participation entailed collecting tap water and completion of a household survey. The study 152 
protocols and survey were reviewed and approved by the LSU Health Sciences Institutional Review 153 
Board (FWA 00002762) to assure protection of human research subjects (IRB 8870).Participation in the 154 
study did not begin until a study consent had been obtained. The lengths of water service lines and 155 
premise plumbing pipes were estimated based on resident measurements reported on returned surveys 156 
(Figure S2, Supplementary Materials). Residents were asked to measure the distance from the middle 157 
of the street to the water line as it enters the home (service line length) and the distance from where line 158 
enters home to the kitchen tap as measured along wall (premise plumbing). Researchers also derived 159 
google map measurements of potential service line lengths for all sites, based on measures taken from 160 
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the center of the street to the front of the home in the satellite view of Google Maps using the distance 161 
and area tool.  162 
 163 
2.2 Sampling protocol 164 

 165 
Residents were provided with a sampling kit that contained: (1) sampling instructions, (2) four 250 166 

mL wide-mouth sampling bottles, (3) pre-paid return postage, and (4) a questionnaire about the 167 
household and water use characteristics (see survey in Supplementary Materials). To evaluate the 168 
effectiveness of flush time recommendations, residents were instructed to collect unfiltered tap water 169 
from the kitchen sink, after a 6+ hour stagnation period. Residents were instructed not to clean or take 170 
off their aerator prior to the stagnation period or water collection. Residents were instructed to collect 171 
water at “normal to high water flow” (estimated flow rate of 3.0 to 8.3 liters/minute [0.8 to 2.2 172 
gallons/minute]) [50]. Specifically, a 250 mL first draw cold-water sample (FD) was collected and the 173 
water was shut off. A 250 mL first draw hot sample (FDH) was then collected from the hot water tap and 174 
immediately shut off after sample collection (the FDH water sample was not collected after the water 175 
temperature increased, rather it was collected at first draw). Two samples were collected after flushing 176 
cold water for 30-45 seconds (F30S), and after flushing for an additional 2 minutes (2.5-3 minutes total 177 
flushing; F3M). Throughout the entire study, all sites were asked to collect FD, F30S, and F3M samples. 178 
Mid-way through the study, it became apparent that flushing did not consistently reduce WLLs. At this 179 
point, an extended flush time sample was collected in lieu of the FDH samples. Residents were asked to 180 
flush their taps for an additional 3 minutes after collecting the F3M samples. These new samples (F6M) 181 
were collected after a 5.5-6 minute total flush time. Samples that were reported by residents to have been 182 
collected inappropriately were removed from the analyses. At some sites, multiple sample sets were 183 
collected from different water sources throughout the building. For these sites, only results for the tap 184 
which had the highest WLLs were retained to represent site conditions.  185 
 186 
2.3 Analytical methods 187 

 188 
Sampling kits were shipped by residents to Virginia Tech for analysis. Water samples were 189 

acidified with nitric acid (2% v/v) and digested for 16+ hours before analysis on a Thermo Electron X-190 
Series Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) per method 3125 B [51]. Blanks 191 
and/or spikes of known concentrations were processed every 10 samples for QA/QC purposes, with a 192 
reporting limit of 1.0 ppb. Blind negative controls, which consisted of filtered water, were sent to the 193 
lab to confirm laboratory reporting (n=9). Other source-specific metals were analyzed to evaluate 194 
correlations with WLLs and identify potential Pb sources in NOLA tap water. These included: 195 
cadmium, chromium, copper, iron, nickel, tin, and zinc.   196 
  197 
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2.4 Statistical analysis  198 
 199 
The WLLs for the FD, FDH, F30S, F3M, and F6M samples were summarized using descriptive 200 

statistics. Samples with WLLs less than 1 ppb were below our reporting limit (1 ppb) and were 201 
considered non-detects (ND). To represent ND numerically, these samples were assigned a value of 202 
half the reporting limit (0.5 ppb). The WLL differences between samples collected after various flushing 203 
times and the FD sample were tested using the Wilcoxon signed-rank test. Statistical analyses were 204 
performed in SAS Version 9.4 (SAS, Cary, NC).The significance level in this study was defined as p-205 
value<0.05, unless otherwise stated.  206 

To identify factors associated with WLLs, mean WLLs and standard deviations for FD samples 207 
were calculated by participant and household characteristics. The candidate factors included 208 
participant characteristics (income, race and education) and household factors (number of occupants in 209 
household, number of children<6 years old, presence or absence of street or sidewalk work within the 210 
last 6 months on site block, era of building construction (pre-, and post-1950), home type (single-family, 211 
multi-family, apartment complex), home ownership (own or rent), and water usage). Water usage, 212 
based on resident reports from last monthly utility bill (monthly total and average daily water usage), 213 
had a limited sample size (n=38) so it was not included in modeling. Factors associated with the mean 214 
WLL (ppb) and percent of sites with detectable WLL (≥1 ppb) based on all samples types were analyzed 215 
using parametric linear mixed models, and mixed-effects logistic models, respectively. Both univariate 216 
and multivariable models were conducted to evaluate the relationship between WLLs and participant 217 
and household factors. Factors with a p-value<0.2 in the models after adjusting for flush time were 218 
candidates for building the multivariable models. The final multivariable models only included 219 
predictors with a p-value <0.05.  220 

To evaluate WLLs in relation to health or regulatory criteria for all samples and by sample type, 221 
the percent of samples exceeding the following standards, criteria or goals was derived: (1) the 222 
American Academy of Pediatrics’ (AAP) recommended level for water in schools (AAP RL, >1 ppb) 223 
[52]; (2) the U.S. Food and Drug Administration’s (FDA) allowable lead level in bottled water (FDA AL, 224 
>5 ppb) [53]; (3) the World Health Organization’s (WHO) provisional guideline value for Pb in water 225 
(WHO GV, >10 ppb) [54], (4) the US EPA’s Pb AL (>15 ppb) [3], and (5) the US EPA’s Maximum 226 
Contaminant Level Goal (MCLG) for Pb, the WLL that EPA considers to be safe, is zero ppb (US EPA 227 
1991 [3]. 228 

To determine the most probable location in the water distribution system or premise plumbing 229 
that each sample type may have been sitting during the stagnation period, an estimate of the volume of 230 
water and flush times required to purge the lines was derived based on estimated flow rates at low 231 
flow (3.0 liters per minute) and high flow (8.3 liters per minute); typical premise and service line pipe 232 
diameters; and survey respondent measurements of service lines and premise plumbing (Figure S2, 233 
Supplementary Materials). A 250-mL sample is estimated to represent water in approximately 2.4 234 
meters (or 8 feet) of piping.  235 

 236 
 237 
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3. Results 238 
 239 
3.1 Water lead levels and flushing efficacy for normal use occupied homes 240 
 241 

Descriptive summary statistics for WLLs from normal use occupied homes (Table 1), indicate 242 
median WLLs for the FD, F30S, F3M and F6M cold water samples of 1.4, 1.7, 1.4 and 1.1 ppb, 243 
respectively. Overall NOLA WLLs were typically low relative to the 15 ppb EPA action level, as 88% of 244 
all samples from normal-use NOLA sites had WLLs ≤ 5 ppb. However, low-dose waterborne Pb 245 
exposures (≥1 ppb) are widespread across the city, as half of all samples from normal use sites (60%) 246 
had detectable WLLs of at least 1 ppb or higher (Table 1). Median and maximum WLLs were highest 247 
for post-stagnation samples collected after the 30 second flush (F30S), and lowest for post-stagnation 248 
samples collected after a 6 minute total flush (F6M). There was wide variability in WLLs across the 249 
sample pool, with WLLs ranging from non-detect (<1 ppb) in each sample type to a maximum of 58 250 
ppb in F30S samples. The cumulative distributions of total Pb concentrations by water sample type for 251 
normal use occupied homes did not change substantially between FD samples and F30S or F3M 252 
samples (Figure 1). It was not until after 6 minutes of flushing that a decrease in the WLL distribution 253 
was observed. 254 

The results of the statistical analyses of changes in WLLs from FD to flushed samples (Wilcoxon 255 
signed rank test), and the distributions of changes from FD WLLs to WLLs in flushed and hot water 256 
samples (Table 2, Figure 2) demonstrate a small but significant increase (0.6 ppb) in median WLLs from 257 
FD to F30S sample. No significant change in WLLs was observed from FD to F3M samples. Small (0.2-0.4 258 
ppb) but significant declines in median WLLs was observed in F6M and FDH samples, compared to FD 259 
samples Table 2; Figure 2). Even after flushing for 5.5 to 6 minutes, over half of F6M samples (52%, n=218) 260 
still had detectable Pb (≥1 ppb), while 7% had WLLs > 5 ppb (Table 1). Flushing may seems to have 261 
induced the mobilization of particulate Pb into water, as evidenced by high “spikes” in some post-262 
flushing samples- WLLs increased by as much as 50 ppb after 30 seconds of flushing (Table 2).  263 
 264 
 265 
 266 
 267 
 268 
 269 
  270 
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 271 
 272 

 273 
Figure 1. Cumulative distribution of total WLLs in occupied normal-use homes by sample type (n=1497 274 
samples from 375 sites) (FD: first draw; F30S: 30-45 second total flush; F3M: 2.5-3 minute total flush; F6M: 275 
5.5-6 minute total flush)  276 
 277 
 278 

Table 1. Distribution of post-stagnation WLLs (ppb) under normal use conditions (New Orleans, LA, 2015-
2017) 
Sample 

Type 
N Median 

WLL 
Mean 
WLL 

SD 25th 
Percentile 

WLLa 

75th 
Percentile 

WLL 

90th 
Percentile 

WLL 

Max 
WLL 

% 
Detectable 

(≥1 ppb) 

FD 375 1.4 2.3 2.5 0.5 2.9 5.3 16.5 65.3   
FDH 156 1.3 2.2 2.7 0.5 2.4 4.4 17.8 60.3   
F30S 375 1.7 2.9 5.0 0.5 3.2 6.0 58.1 61.3   
F3M 373 1.4 2.5 3.0 0.5 3.2 6.1 22.1 58.2   
F6M 218 1.1 1.9 2.1 0.5 2.3 4.2  11.9 52.3  
All 1497  1.4 2.4 3.4 0.5 2.9 5.6 58.1 60.1   
aSamples with WLLs below the reporting level were assigned a value of half the reporting limit or 0.5 ppb. 
Key: FD: first draw cold sample; F30S: flushing cold water for 30-45 seconds; F3M: flushing cold water for 
2.5-3 minutes; F6M: flushing cold water for 5.5-6 minutes; FDH: first draw hot sample; WLL: water lead level; 
SD: Standard Deviation  
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 279 
 280 

281 
Figure 2. Distributions of the difference in WLLs in cold water samples collected at first draw (FD) 282 
compared to WLLs in samples collected after various flush times (F30S: 30 second flush; F3M: 2.5-3 283 
minute flush; F6M: 5.5-6 minute flush) and first draw hot (FDH) samples. 284 
 285 
 286 

Table 3 presents the number of samples in each WLL category by sample type; and Table 4 presents 287 
the number and percent of samples with a change in WLL detection or with insubstantial WLL changes 288 
(< 1 ppb), compared to FD WLLs. The majority of the households (80-81%) had no change in WLL (<1 289 
ppb difference) in flushed samples compared to FD samples (Table 4). In general, most NOLA homes 290 
with FD WLLs below the reporting limit (<1 ppb) continued to have WLLs <1 ppb in flushed samples. Of 291 
sites with FD WLLs <1 ppb, 79%, 83% and 86% also had WLLs <1 ppb in F30S samples (n=136), F3M 292 
samples (n=135), and F6M samples (n=86), respectively (Table 3). Additionally, most NOLA homes with 293 
detectable FD WLLs (≥ 1 ppb) continued to have WLLs ≥ 1 ppb in flushed samples. Of sites with FD 294 

Table 2. Change in WLLs after flushing (vs FD WLLs) (ppb) 

Samplesa N 
Median      

(25%, 75%) 
Mean 
±SD 

Min  Max   90th 
percentile 

p- valueb 

F30S vs. FD 374 0 (-0.4,0.6) 0.6±4.2 -9.4 50.2 1.7 0.040 

F3M vs. FD 372 0 (-0.5,0.6) 0.2±2.1 -12.5 15.4 2.1 0.219 

F6M vs. FD 218 0 (-0.6,0) -0.2±1.4 -5.8 7.5 0.7 <0.001 

FDH vs. FD 155 -0.1 (-0.9,0) -0.4±2.4 -12.9 12.1 0.7 <0.001 
a FD: first draw cold sample; F30S: flushing cold water for 30-45 seconds; F3M: flushing cold 
water for 2.5-3 minutes; F6M: flushing cold water for 5.5-6 minutes; FDH: first draw hot sample. 
b Compare with FD based on the Wilcoxon signed-rank test 
 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2018                   doi:10.20944/preprints201805.0405.v1

http://dx.doi.org/10.20944/preprints201805.0405.v1


 10 of 31 

WLLS ≥1 ppb, 82%, 79% and 75% also had WLLS ≥1 ppb in F30S samples (n=238), F3M samples (n=237), 295 
and F6M samples (n=132), respectively. (Tables 3). 296 
 297 
 298 

 299 
Table 4. Flushing effectiveness based on reaching non-detect (ND: <1 ppb)  

 F30S (%) F3M (%) F6M (%) 
Detect in FD to ND 42 (11%) 50 (13%) 33 (15%) 
ND in FD to detect  28 (7%) 23 (6%) 12 (5%) 

No change (<1 ppb difference) 304 (81%) 299 (81%) 173 (80%) 
Total n of sample type 374 372 218 

Key: FD: first draw cold sample; F30S: flushing cold water for 30-45 seconds; F3M: 
flushing cold water for 2.5-3 minutes; F6M: flushing cold water for 5.5-6 minutes; ND: 
Non-detect (< 1ppb).  

 300 
 301 
Some sites went from detect in FD samples to non-detect in flushed samples: F30S=11%, F3M=13%, 302 

and F6M=15% (Table 4). Mean WLLs for samples with detectable lead (≥1 ppb) decreased with increased 303 
flushing (F30S: 2.11 ppb, n=224; F3M: 2.04 ppb, n=210; F6M: 2.00 ppb, n=111). This indicates some value 304 
in flushing, however, even a six minute flush does not guarantee lower WLLs for all customers- 5% of 305 
sites went from non-detect FD WLLs (<1 ppb) to detect (≥1 ppb) after flushing for 6 minutes (n=218) 306 
(Table 4). Median WLLs for samples with detectable lead (≥1 ppb) remained the same after increased 307 
flushing (F30S: 2.00 ppb, n=224; F3M: 2.00 ppb, n=210; F6M: 2.00 ppb, n=111). A small proportion of sites 308 
also went from non-detect FD WLLs (<1 ppb) to detect (≥1 ppb) after flushing for 30 seconds (7%, n=374), 309 

Table 3. Water lead levels (WLLs) in first draw vs flushed cold samples 
FD 
WLL 
(ppb) 

F30S WLL (ppb) (n)  F3M WLL (ppb) (n)  F6M WLL (ppb) (n)  

<1 
1-
4.9 

5-
9.9 

10-
14.9 

≥15 n <1 
1-
4.9 

5-
9.9 

10-
14.
9 

≥15 n <1 
1-
4.9 

5-
9.9 

10-
14.
9 

≥15 n 

<1 108 27 0 0 1 136 112 22 1 0 0 135 74 12 0 0 0 86 
1-4.9 41 134 15 2 4 196 48 127 18 1 1 195 33 75 3 0 0 111 
5-9.9 1 6 22 3 3 35 1 10 20 3 1 35 0 8 9 2 0 19 
10-14.9 0 2 2 1 0 5 1 1 2 0 1 5 0 0 1 0 0 1 
>15 0 0 0 1 1 2 0 0 0 1 1 2 0 0 0 1 0 1 
n 150 169 39 7 9 374 162 160 41 5 4 372 107 95 13 3 0 218 
Key: FD: first draw cold sample; F30S: flushing cold water for 30-45 seconds; F3M: flushing cold water for 2.5-3 minutes; 
F6M: flushing cold water for 5.5-6 minutes 
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and 3 minutes (6%, n=372) (Table 4). For sites which had FD, F30S and F3M samples (n=372), 28% had 310 
WLLs that increased by >1 ppb with a 30 second or 3 minute flush.  311 
 312 
3.2 Water lead levels and flushing efficacy associated with atypical use conditions  313 
 314 

While not a planned part of the study, conditions arose which allowed us to evaluate the impact of 315 
a one-time 15-minute utility flush on WLLs after LSL replacements at five residential sites. LSL 316 
replacements and construction are known to increase lead in water due to construction disturbances 317 
and galvanic corrosion for periods of weeks to years [19, 30, 38]. While over ten years have passed since 318 
Hurricane Katrina, the rebuilding process is still ongoing, and the city of New Orleans (NOLA) is still 319 
in the process of conducting 16,000 PLSLRs [48]. These conditions were evident during this sampling 320 
effort, as 43% of survey respondents reported there was street or side walk work on their block within 321 
the last year (n=287). Five of our study participants contacted the S&WB after our testing to request 322 
removal of their LSLs. All but one of these residents received a partial LSL replacement (PLSLR) (i.e., 323 
only the utility or customer side was replaced); while one had the full LSL replaced (from water main 324 
in the street to the home). All of the sites were sampled prior to, and after the LSL replacements and the 325 
utility or contractor 15-minute post-replacement flush. Only one of these homes was unoccupied due to 326 
ongoing home renovation work. Table 5 shows sampling procedures and WLL results for each site- 327 
unfortunately, collection procedure for the samples varied from home to home. No definitive 328 
conclusions can be drawn from the post-LSLR samples due to the small sample size and variance in the 329 
sampling procedures. However, the persistent elevation in WLLs (exceeding the EPA AL) can be seen 330 
within the week after the line replacement in occupied homes, in both the full LSLR site (6 days later) 331 
and PLSLR Sites 3 (1-2 days later). Post-LSL replacement WLLs reached as high as 226 ppb one day 332 
after the PLSLR after a post-stagnation 30 second flush. These results suggest that rigorous extended 333 
flushing protocols may need to be repeated on a daily basis for an as yet undetermined time period 334 
following line replacements.  335 
 336 
 337 
 338 
 339 
 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
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Table 5. Water lead levels in pre- and post-LSL replacement samples (n=5) 350 

 
Site 

WLLs in Post-Line 
Replacement Samples 

(ppb) 

WLLs in Post-LSL 
replacement samples 

(ppb) 
Post-Line Replacement Samples FD FDH F30S F3M S1 S2 S3 S4 

Full LSLR 6.5 9.1 49.2a 12.6 17.8 3.0 2.8 NS S1: 6 days after LSLR & 45 sec PS flush 
S2: 2 weeks after LSLR & 45 sec PS 
flush; S3: 3 weeks after LSLR & 45 sec 
PS flush 

PLSLR Site 1 5.0 2.6 5.8 9.8 0.5 0.5 0.5 0.5 2 weeks after PLSLR and oversight 
stagnation: S1: FD; S2: F30S; S3: F3M; 
S4: F6M 

PLSLR Site 2 6.4 5.3 24.7 6.8 16.8 10.7 5.5 NS S1: Immediately after PLSLR & 15 min 
utility flush; S2: 2 days after PLSLR, PS 
FD; S3: 3 days after PLSLR, PS FD 

PLSLR Site 3 30.0 151.9 7.4 1.3 6.5 225.8 61.8 NS S1: Immediately after PLSLR and 15 
min utility flush; S2: 1 day after PLSLR, 
F30S PS flush; S3: 2 days after PLSLR, 
F30S PS flush 

PLSLR Site 4 
(uninhabited) 

161.4 NS 26.6 283.5 64.5 2.5 0.5 0.5 Immediately after PLSLR and 15 min 
utility flush: 
S1: FD; S2: F30S; S3: F3M; S4: F6M 

aBold WLLs exceeded the EPA AL of 15 ppb. Key: LSLR: lead service line replacement; PLSLR: partial lead service 
line replacement; WLLS: water lead levels; NS: no sample; FD: first draw sample; FDH: first draw hot water 
sample; F30s: 30 second flush sample; F3M: 3 minute flush sample; PS: Post-stagnation (6+ hour of stagnation 
prior to water collection); S#: Sample number. 

 351 
3.3 Identifying predictive factors for WLLs 352 
 353 

Select survey variables were evaluated using univariate and multivariate models to identify factors 354 
that may be significantly correlated with WLLs. Table S2 presents factors considered in univariate and 355 
multivariate mixed models and associated mean FD WLLs. Table 6 presents the factors associated with 356 
mean WLL (ppb) in all samples after adjusting for flush time; and Table 7 presents the factors associated 357 
with the percent of sites with detectable Pb (≥1 ppb) after adjusting for flush time.  358 

After adjusting for number of occupants and era of home construction, the mean WLL increase for 359 
F30S and decrease for F6M samples (compared to FD samples) remained significant [β coefficient=0.68 360 
(p=0.017) and -0.25 (p=0.020), respectively] (Table 6). A decreased likelihood of having detectable Pb 361 
(≥1ppb) was observed after both the 3- and 6-minute flush time compared to FD samples (OR=0.68 and 362 
0.58 with p<0.001 and <0.001, respectively) (Table 7).  363 
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Besides flush time, the number of occupants and age of homes were significantly associated with 364 
WLLs (ppb), after adjusting for flush time (p<0.05) (Tables 6-7). Occupancy was associated with mean 365 
WLLs (Tables 6), and the percent of sites with detectable WLLs (≥1 ppb) (Table 7). The era in which the 366 
homes was built was associated with the percent of sites with detectable WLLs (≥1 ppb) (Table 7). Lower 367 
occupancy homes and older homes (pre-1950) were associated with higher WLLs. Mean WLL in FD 368 
samples decreased as occupancy increased: 1 occupant=3.9 ppb; 2-3 occupants=2.4 ppb; and ≥4 occupants 369 
= 1.8 ppb (Table S2). Likewise, the prevalence of detectable WLLs in FD samples decreased with 370 
occupancy: 1 occupant=92%, 2-3 occupants=68% and ≥4 occupants=64%. The latter trend is expected 371 
given prior work showing that less water use can increase water lead problems [55-56]. Mean WLLs in 372 
FD samples decreased in newer homes: Pre-1950=2.4 ppb; Post-1950=1.9 ppb (Table S2); as did the 373 
prevalence of detectable WLLs in FD samples: Pre-1950=73.4%; Post-1950=48.5% (n=375), which is 374 
expected given increased lead content in plumbing with age. This same trend was observed for 375 
prevalence of detectable WLLs in older homes in F30S samples (p<0.0001, n=375), and F3M samples 376 
(p=0.010, n=373), but not for WLLs in F6M samples (p=0.069, n=218).   377 

While pre-1950 homes are more likely to have LSLs, the lack of information on LSL presence at all 378 
sites limited our ability to evaluate the impact that LSLs may have on WLLs and flushing efficacy. While 379 
there was significant difference in mean WLLs by neighborhood and zip code, with higher WLLs in older 380 
areas of the city which may have been more likely to have LSLs (Kruskal-Wallis test, p<0.05), the lack of 381 
random sampling, and the low sample size in many neighborhoods prevents any definitive conclusions 382 
about spatial variability in WLLs. While it is suspected that high WLLs associated with low occupancy 383 
homes may be due to reduced water usage, and hence greater water stagnation and Pb leaching, it was 384 
not possible to evaluate the association between number of occupants and water use due to the low 385 
number of sites reporting that data (n=38).  386 
Table 6. Factors associated with mean water lead level in all samples (ppb)a  387 
 Univariate model (n=376) Multivariable model  (n=325) 
Effect Model coefficient (ppb) P-value Model coefficient (ppb) P-value 
Flush time (min)    
  0 Reference  Reference  
  0.5 0.57 0.019 0.68 0.017 
  3 0.19 0.110 0.19 0.134 
  6 -0.28 0.001 -0.25 0.020 
Occupants     
  0-1   Reference  
  2-3 - - -1.08 0.023 
  >=4   -1.67 0.0006 
Era build     
  Post-1950 - - Reference  
  Pre-1950   0.59 0.062 
  Unknown   0.98 0.041 

         aBased on the mixed model; bold: p<0.0 388 
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 389 
Table 7. Factors associated with percent of homes with detectable water lead level (≥1ppb) a 390 

 Univariate model (n=376) Multivariable model  (n=325) 
Effect OR (95% CI)b P-value OR (95% CI)b P-value 

Flush time (min)    
  0 Reference  Reference  
  0.5 0.82 (0.65-1.02) 0.079 0.78 (0.60-1.00) 0.053 
  3 0.70 (0.58-0.85) <0.001 0.68 (0.54-0.84) <0.001 
  6 0.61 (0.50-0.74) <0.001 0.58 (0.47-0.72) <0.001 
Occupants     
  0-1 - - Reference  
  2-3   0.26 (0.09-0.74) 0.012 
  >=4   0.20 (0.07-0.56) 0.003 
Era build - -   
  Post-1950   Reference  
  Pre-1950   2.95 (1.80, 4.83) <0.001 
  Unknown   1.25 (0.60-2.61) 0.545 

         aBased on the mixed model; bold: p<0.05;   bOdds ratio (95% confidence interval) 391 
 392 
 393 

3.4 Source evaluation 394 
 395 

While lack of information on site plumbing materials limited our ability to ascertain the specific 396 
source of WLLs in NOLA water system, the observation of peak WLLs in 30-45 second or 2 minute flush 397 
samples at 49% of tested sites (n=372), is consistent with the expectation that this flush time is very likely 398 
to capture water that was held inside the LSL [3, 11]. An estimate of the volume of water and flush times 399 
required to purge LSL of stagnant water was derived based on estimated flow rates, typical pipe 400 
diameters, and lengths of service lines and premise plumbing (n=80). Figure S2 presents the distribution 401 
of line lengths (premise + service) reported by survey respondents (n=80). The majority (75%) reported 402 
line lengths of 30 meters of less; and one quarter of survey respondents measured premise plumbing plus 403 
service line lengths of >30 meters. There were no significant differences in the lengths of service lines for 404 
pre- or post-1950 homes (p=0.172). Figure 3 presents the estimated time to flush by total length of service 405 
lines and premise plumbing (¾ or ½ inches in diameter). Based on plumbing line length estimates 406 
presented in Figure 3, and an estimate that each 250-mL sample represents water in approximately 8 feet 407 
of piping; if a home has the average resident-reported premise + service pipe length of 75 feet (23 meters) 408 
with a typical pipe diameter of ¾ inches, a flush time of 2.2 minutes would be required to purge any 409 
water sitting in the plumbing or service line over night, when water is run at low flow (3.0 liters per 410 
minute). Under a different scenario in which residents run their taps at low flow and have an average 411 
reported pipe length of 30 m (premise + service line) approximately 3-minutes of flushing might be 412 
required. When the water is flushed at high flow (8.3 liters per minute), the same system might be flushed 413 
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in less than a minute (0.8 minutes). Given that study participants were instructed to collect water at 414 
normal to high flows, and the fact that most respondents had plumbing lengths of 30 meters of less, it is 415 
likely that WLLs associated with service lines would often reach the tap by 30 seconds. This may explain 416 
why a peak WLL as high as 58 ppb was observed for in the F30S sample, which was from a single 417 
occupant home. More time is needed to fully flush the system as the length of plumbing increases, as the 418 
rate of water flow decreases, and as the diameter of the pipe decreases.  419 

 420 

 421 
Figure 3. Estimated time to flush premise plumbing (P) and service line (S) (minutes) based on water 422 
flow rate (liters per minute), pipe diameter (3/4 or 1/2 inches) and survey-reported P+S length 423 
(meters)(n=-80) [Note: Low flow: 3.0 meters per minute; High flow: 8.3 Liters per minute] 424 

 425 
To identify the potential source of NOLA’s water lead (i.e., type of plumbing), correlations between 426 

WLLs and levels of common metals found in other plumbing materials were determined. If specific 427 
plumbing materials other than LSLs are associated with high WLLs, one would expect to see positive 428 
correlation between WLLs and metals in those alloys. For example, zinc (Zn) may indicate the presence 429 
of galvanized water pipes or brass faucet fixtures; nickel (Ni) may indicate the presence of brass faucet 430 
fixtures; iron (Fe) may indicate the presence of iron water mains; copper (Cu) may indicate the presence 431 
of copper pipe or brass faucet fixtures; tin (Sn) may indicate the presence of leaded solder; chromium 432 
may indicate the presence of stainless steel and cadmium (Cd) may indicate the presence of galvanized 433 
water pipes. No significant strong correlations were observed between any of the metals and WLLs for 434 
any of the flushed samples (P<0.3, p<0.05), Most samples had no detectable Cd or Sn. These results are 435 
consistent with lead from LSLs, which are essentially pure lead, or possibly that many sources are 436 
contributing to WLLs in NOLA water.   437 
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In Cartier et al. [57], the second consecutive sample was successfully used to confirm the presence 438 
of LSLs in 92% of homes for which LSL presence was documented (at water temperatures above 17∘C). 439 
In that study, LSL presence was considered confirmed if the second liter sample after a 15-minute 440 
stagnation period exceeded 3 ppb. If such an approach were used it is necessary to validate WLL 441 
thresholds specific to the system and type of buildings sampled [40]. Given the lack of data to validate 442 
LSL presence for NOLA sites, we could not confirm a lead threshold for NOLA that would enable 443 
accurate validation of the presence of LSLs. However, we did observe for NOLA homes with validated 444 
or reported LSLs (n=38), 37% had WLLs exceeding 3 ppb in FD samples (n=38), as did 37% of F30S 445 
samples (n=38), 40% of F3M samples (n=38), and 32% of F6M samples (n=28). In a similar vein, among 446 
the set of sites with validated or reported LSLs combined with the set of “pre-1950” homes, which we 447 
use as an indicator of potential LSL presence (n=259), 27% of FD samples exceeded 3 ppb (n=259), as did 448 
30% of F30S samples (n=258), 29% of F3M samples (n=257), and 21% of F6M samples (n=143). These data 449 
may lend support to the assumption that LSL presence may lead to sustained WLLs.  450 

Further investigations are needed to support the speculation that LSL are a primary risk contributor 451 
in NOLA. But together these data suggest that LSLs may be a major contributor to NOLA: 1) the sustained 452 
low WLLs throughout the NOLA water systems (i.e., throughout all of the different sample types) 453 
(Figure 1); 2) the lack of strong significant correlations between WLLs and metals from other plumbing 454 
materials, 3) the occurrence of peak WLLs in flushed samples (Table 1); and 4) the significantly higher 455 
WLLs in homes more likely to have LSLs (pre-1950 homes). 456 
 457 
3.5. Comparison to utility compliance sample results and evaluation of sufficiency of FD compliance sampling 458 
 459 

Sampling was not conducted as required under the LCR, as samples were not collected exclusively 460 
in warm months (June- September), and sampled sites could not be verified as being high-risk (50% of 461 
sites with LSLs). Thus WLL results are not be representative of required regulatory compliance samples. 462 
In the last utility-reported sampling season, the S&WB’s WLL data for post-stagnation first-draw LCR 463 
compliance samples had a 90th percentile WLL of 7 ppb- only 1.6% of compliance samples exceeded the 464 
15 ppb Pb AL (n=60, S&WB 2017). Our results for WLLs in FD samples only are consistent with the 465 
utility’s compliance data, with a 90th percentile of 5.3 ppb- <1% of FD WLLs exceeded 15 ppb (n=375, 466 
Table 1). A separate analysis was conducted to evaluate WLLs among FD samples, based on sites and 467 
samples that may meet LCR sampling requirements (i.e., sites with reported or validated LSLs and pre-468 
1950 homes, and samples collected between June and September). The 90th percentile WLL remained 469 
within regulatory limits (5.4 ppb).   470 

There is some debate about how representative LCR’s required FD compliance samples are of worst-471 
case scenario exposures (i.e., highest WLLs). First draw samples are also frequently relied upon by many 472 
state lead poisoning prevention and school sampling programs to characterize potential risk [58-59]. Each 473 
sample type (FD, F30S, F3M and F6M) met LCR AL requirements (90th percentile ≤15 ppb); though there 474 
were increases in the percent of sites exceeding the AL from 0.5% in FD samples, to 2.4% in F30S samples 475 
(Table 8). Even a small increase in the proportion of homes exceeding the AL could have an impact on 476 
LCR-compliance in cites that are on the borderline of Pb AL exceedances. While there were increases 477 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 May 2018                   doi:10.20944/preprints201805.0405.v1

http://dx.doi.org/10.20944/preprints201805.0405.v1


 17 of 31 

from the 90th percentile FD WLL value (5.4 ppb) after flushing for 30 seconds (6.0 ppb) and 3 minutes 478 
total (6.1 ppb) among tested NOLA sites, these increases were minimal (<1 ppb) (Table 1) and would not 479 
have exceeded the action level trigger, even if worse case flushed samples had been “counted” under the 480 
regulation. 481 

 482 
 483 
3.6 Comparison of WLLs to health guidelines, standards and goals 484 
 485 

To evaluate the public health relevance of results, WLLs were evaluated against existing health-486 
based standards, guidelines or goals (Table 8). Twelve percent of samples had WLLs which exceeded the 487 
Food and Drug Administration’s (FDA) Allowable Level (AL) for Pb in bottled water (5 ppb) set in 1994 488 
[53]; while only 2.7% of all samples at normal use occupied homes had WLLs which exceeded the World 489 
Health Organization’s (WHO) provisional Guidance Value (GV) of 10 ppb set in 2011 [54]. The WHO’s 490 
provisional GV is not entirely health-based, as other considerations, such as treatment performance and 491 
analytical achievability, were considered in GV derivation [54]. WHO maintains that provisional 492 
guideline values are set for “contaminants for which calculated health-based values are not practically 493 
achievable” [60]. 494 
 495 

 496 
 497 
One recommended health-based level that was set more recently is the American Academy of 498 

Pediatrics (AAP) recommended WLL limit for schools (RL) of 1 ppb [52]. Overall, 60% of all samples 499 
from normal use occupied homes exceeded AAP’s recommended Pb level for school water systems 500 
(Table 8). Excluded from analyses were the WLL results of nine schools. Of the samples collected from 501 

Table 8. Comparison of NOLA WLLs (ppb) in normal use residential sites to standards (2015-2017) 

Sample Type N % > AAP RL  
(1 ppb) 

% > FDA AL (5 
ppb) 

% > WHO GV 
(10 ppb) 

%> EPA’s AL 
(15 ppb) 

FD 375 65.1 11.7  1.9 0.5 
FDH 156 60.3 8.3 3.2 0.6 
F30S 375 61.1 14.7 4.3  2.4 
F3M 373 58.2 14.2  2.4  1.1 
F6M 218 52.3 7.3 1.4 0.0 
All 1497  60.0 12.1 2.7 1.1 

Key: AAP RL: American Academy of Pediatrics recommended water lead level for schools; FDA 
AL: United States Food and Drug Administration’s Allowable Levels of lead in bottled water; WHO 
GV: World Health Organization’s Guidance Value for lead in water; EPA AL: United States 
Environmental Protection Agency’s Action Level for lead in water; WLLs: Water lead levels; NOLA: 
New Orleans, LA.  
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the nine schools (n=67), 27% exceeded 1 ppb. The percent of school samples with WLLs exceeding 1 ppb 502 
decreased with increased flushing: FD=38%, n=18; F30S=28%, n=18; F3M=17%, n=18; F6M=10%, n=10.  503 

Samples exceeding the AAP recommended level for lead in school water also exceeded the EPA’s 504 
Maximum Contaminant Level Goal (MCLG) for Pb (0 ppb), the WLL that EPA considers to be safe [3]; 505 
and California EPA’s Public Health Goal of 0.2 ppb for Pb in water, which was decreased from 2.0 ppb 506 
in 2009 based on neuro-developmental effects of Pb for fetuses and children [61]. These results are 507 
pertinent, as 33% percent of our sample population reported having children less than six years of age 508 
(n=376). 509 

The CDC is considering lowering the childhood blood reference value to 3.5 µg/dL [62]. The US EPA 510 
has released tentative results based on the Integrated Exposure Update and Biokinetic model (IEUBK), 511 
which estimate that WLLs of 3.8 ppb and 5.9 ppb could result in a 1% increase in the probability of a child 512 
(formula-fed infants and children 0-7 years of age, respectively) having a BLL of 3.5 µg/dL for families 513 
residing in pre-1950 homes with a high likelihood of having lead-based paint) [63]. Such home conditions 514 
are common in NOLA- 79% of this study’s respondents resided in pre-1950 homes. The percent of 515 
sampled sites with WLLs >3.8 ppb increased from 18% in FD samples, to 20% and 22% in F30S and F3M 516 
samples, respectively. This percentage declined to 14% in F6M samples. Similarly, the percent of sampled 517 
sites with WLLs >5.9 ppb increased from 8% in FD samples, to 12% and 11% in F30S and F3M samples, 518 
respectively. This percentage declined to 6% in F6M samples. Thus, flushing according to prevailing 519 
exposure reduction guidelines (3- seconds to 2 minutes) may increase the likelihood of higher WLL 520 
exposures, and higher associated BLLs. Those performing longer flushes (F6M) could increase the 521 
likelihood of reducing their WLLs exposures and associated BLLs.  522 
 523 
3.7 Evaluation of potential exposures to lead in water 524 
 525 

Risks do not occur unless both a hazard and an exposure route to that hazard exists. To evaluate 526 
potential Pb exposure, survey respondents answered questions about water use habits, flushing 527 
practices, use of water treatment or filtration devices (survey in Supplementary Materials). Almost all 528 
respondents (93%) reported using unfiltered tap water for either cooking or drinking at some point in 529 
time (n=277). Only 16% of respondents who reported drinking or cooking with unfiltered tap water, also 530 
reported flushing water prior to use (n=267); but of this group, 37% flushed for less than 30 seconds, and 531 
only 3 respondents of this group flushed for over two minutes. While there was not widespread 532 
application of flushing guidelines among study participants, those who did flush water prior to use, may 533 
not be flushing long enough to see significant or substantial WLL decreases (Tables 6-7). Despite 534 
flushing, 61% of F30S samples, 58% of F3M samples, and 52% of F6M samples continued to exceed 1 ppb 535 
(Table 8). The greatest risks from exposures to waterborne Pb are expected for infants reliant on formula 536 
reconstituted with unfiltered water- 15 respondents reported using unfiltered tap water to reconstitute 537 
baby formula (n=129). WLLs for these study participants ranged from <1 to 11 ppb. Based on EPA’s 538 
preliminary IEUBK model estimates for formula-fed infants, WLLs of 11 ppb could result in elevated 539 
BLLs in formula-fed infants (>5 µg/dL) when exposures to other sources like soil Pb or Pb-based paint 540 
are taken into consideration [63]. When only water exposures are considered, WLLs of 11 ppb could 541 
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result in formula-fed infant BLLs above the CDC-proposed Pb reference value (>3.5 µg/dL) [62], and/or 542 
a 1 µg/dL increase in geometric mean BLLs [63].  543 
 544 
 545 
4. Discussion 546 
 547 
4.1  Flushing efficacy and practicality 548 

 549 
Our results indicate that flushing taps according to prevailing utility and public health 550 

recommendations (i.e., for thirty seconds to two minutes) may not consistently reduce WLLs and 551 
associated exposures either significantly or substantially when applied in a city with LSLs and at sites 552 
under normal use conditions (occupied residential sites with no prior line disruptions). In some cases, 553 
we observed that flushing for such short periods, especially after only 30-45 seconds, actually increased 554 
WLLs as predicted when LSLs are present in a city [3, 31, 38]. It is generally agreed that first-draw samples 555 
may be more representative of Pb from the faucet and premise plumbing; while water flushed for 30 556 
seconds to 2 minutes may be more representative of Pb in the service lines [64-65]. However, significant, 557 
but not always substantial, reductions in WLLs were observed after extended flushing (after 5.5-6 558 
minutes). These samples are most likely representative of water held in the water main, which are 559 
generally not expected to contain Pb. When Pb is detected in samples collected after extended flushing, 560 
it may suggest the Pb is picked up during flow from premise plumbing or LSLs. This can occur when 561 
there is Pb dissolution or particulate detachment from leaded plumbing [11, 15, 64].  562 

In the aftermath of Flint, many school officials have been considering flushing as a routine water Pb  563 
exposure prevention measure. While the percent of residential and school samples with WLLs 564 
exceeding 1 ppb did decrease after extended flushing for 5.5 to 6 minutes, reductions in WLLs were not 565 
always substantial (>1 ppb). If the aim is to prevent childhood Pb exposure altogether, or at least reduce 566 
it to the minimal detectable levels (1ppb), as recommended by the AAP, then many NOLA residences 567 
(over half in our sample pool), and some schools (1 in 10 samples collected) still had detectable Pb (≥ 1 568 
ppb) after extended flushing for 5.5 to 6 minutes. In cases where extended flushing does reduce Pb to 569 
non-detectable levels, the question then becomes how frequently would it be needed (e.g., once a day, 570 
after certain time periods of water stagnation, prior to each use, etc). Since sampling was only 571 
conducted at one point in time after a 6+ hour post-stagnation event, we could not verify that a one-572 
time flush is sufficient to maintain low WLLs throughout the day. Some studies evaluating flushing at 573 
school taps suggest frequent flushes may be needed throughout the day [66-67]. Flushing frequency 574 
requirements could also not be ascertained for residential sites.  575 

Prolonged flushing may also not be practical, cost-effective, or sustainable over the long term, 576 
especially in cities with declining water resources and/or rising water rates. Like many utilities across the 577 
country, NOLA’s S&WB approved regular rate hikes in anticipation of water infrastructure repair needs- 578 
10% annually from 2013-2020 [68]. Yet, current water rates are already difficult for some NOLA residents 579 
to afford. An estimated 10% of FY 2015 NOLA customers were 30 or more days late in payment; and 19% 580 
of customer accounts were shut off for being unable to pay their bills [68]. NOLA’s monthly residential 581 
water utility rate for FY 2015 was $0.01 per gallon of water used or $69.20 per month (assuming an 582 
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average monthly water usage of 9.24 hundred cubic feet or 6,920 gallons)[67]. To put this into context the 583 
average FW 2015 water rate for customers of public utilities in the U.S. was $0.005 per gallon or $36.39 584 
for the same monthly water usage [68]. The same rate for Flint, Michigan, which has been touted as one 585 
of the highest water rates in the U.S., was $0.0167 per gallon or $115.56 for the same monthly water usage 586 
[69].   587 

In the cases where flushing could be effective for remediating high WLLs, such as after PLSLRs, 588 
current flush practices (i.e., one-time 15 minute high velocity flush) may not be effective for maintaining 589 
low WLLs over a long period of time. Utilities are not always required to promote flushing, such as after 590 
PLSLRs in LCR-compliant cities; and flushing messaging is not always consistent. It is widely 591 
acknowledged that sites with PLSLRs may have higher WLLs; and may require more rigorous and 592 
regular flushing than normal-use residential sites under typical conditions. [38, 70]. As stated previously, 593 
NOLA has been undergoing extensive road work, including thousands of PLSLRs [48]. But the LCR only 594 
requires education of citizens about the risks of PLSLRs and benefits of flushing to reduce PLSLR-related 595 
Pb spikes when the utility exceeds the LCR’s AL requirements [3]. When PLSLRs are conducted in LCR-596 
compliant cities, educating consumers about flushing is only required once a year, in the utility’s annual 597 
CCR. For homes undergoing PLSLRs, NOLA officials recommend on their Roadwork website, that 598 
residents “Run cold water at a high flow at all of your faucets for at least 5 minutes each, one at a time, 599 
starting with the faucet closest to your water meter”; clean faucets aerators; and continue to flush for at 600 
least a month before using the water [71]. At the start of this study, this information was not consistently 601 
communicated nor readily available to NOLA residents undergoing roadwork [71]. However, the 602 
persistent elevation in WLLs we observed days after the line replacements indicates that care should be 603 
taken to flush systems rigorously and regularly after line replacements (Table 5). It was only after the 604 
preliminary release of our results in 2016 that S&WB revised their risk messaging and increased their 605 
flush guidelines to “30 seconds to 5 minutes”; however elsewhere in the same material, the messaging 606 
remained “30 seconds to 2 minutes” [73] (Figure S1, Supplementary Material). The EPA’s Science 607 
Advisory Board (SAB) stated that ”the lack of mandatory water lead testing and homeowner education 608 
associated with voluntarily PLSLR suggests that in practice, voluntary replacement might be associated 609 
with greater exposure of the public to lead” [38]. The SAB recommends that utilities test the water and 610 
tell consumers to flush the lines “over a period of months” after a PLSLR; but concluded that while “line 611 
flushing appears to provide some benefit, the … time to realize the benefit (up to several weeks of 612 
flushing in the reviewed studies) likely precludes any practical implementation of this technique” [38]. 613 
Despite the general knowledge about the ineffectiveness and potential danger that PLSLRs pose, they are 614 
still required by the LCR when certain compliance conditions have not been met [3]. 615 

More research is needed to evaluate how frequently flushing would need to be conducted to 616 
maintain low WLLs after a PLSLR. One study simulated PLSLRs in NOLA, and observed that 617 
intermittent flushing over a two week period was not long enough to stabilize WLLs [19]. In keeping, 618 
previous studies suggest several weeks, months, or maybe years may be required to remediate increased 619 
WLL exposure after PLSLRs [38, 74]. These facts do not discount the benefits of more rigorous flushing 620 
protocols as an effective Pb remediation method for some systems when high WLLs) are present. 621 
Improved remediation has been observed with higher velocity flushing (full open tap); continuous 622 
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flushing (as opposed to intermittent flushing); increased flushing frequency and duration; and flushing 623 
at multiple taps (9, 11-12, 19, 24].  624 

However, residents should be alerted that when conditions are severe enough to warrant more 625 
rigorous flushing protocols, as observed here after PLSLRs, exposures to high WLLs are always a 626 
possibility. Flushing can mobilize particulate-bound Pb throughout the plumbing system, which can then 627 
serve as a long-term source of acute Pb exposure. Even after flushing water for 10-25 minutes, some Flint 628 
homes still had high WLLs [14]- at least one Flint tap still contained WLLs exceeding 15 ppb (217-13,200 629 
ppb) after a 26 minute flush [75]. This was likely due to the presence of highly unstable lead scales and 630 
the continuous sloughing of particulate lead during the time in which corrosion control was not used by 631 
Flint officials. Factors associated with maintaining low WLLs under such conditions, such as flushing 632 
frequency, must be determined on a case by case basis. 633 
 634 
4.2 Regulatory implications  635 

 636 
Results underscore the importance of critically evaluating existing regulations in terms of their 637 

impact on reducing WLLs and Pb exposures. Mounting evidence, and US EPA assertions, also suggest 638 
that meeting the LCR does not always guarantee public health protection [4, 10, 39-40]. One critical 639 
step in addressing a risk, is to identify the location of the hazard. The EPA recognized a decade ago 640 
the need to identify where LSLs were installed, and henceforth required water systems to conduct 641 
audits of their service line materials. However, the cost and burden of this endeavor has resulted in a 642 
tolerated neglect of this responsibility by regulatory officials. Weaknesses are also evident in LCR 643 
compliance sampling requirements. For example, there are no stated requirements to include special-644 
use sites like schools or homes with LSL replacements from LCR compliance sampling, as the intent of 645 
the LCR is to evaluate worst-case WLLs under normal residential water use patterns. However, in line 646 
with many cities experiencing water infrastructure breakdowns, NOLA has been conducting an 647 
unprecedented level of line replacements throughout the city, making these conditions and their 648 
associated risks more common. When such replacements were undertaken across the City of Flint, MI, 649 
all residents were notified of the risks and were provided free filters to remove lead for at least 6 650 
months after replacements occurred [76]. Similar education and preventative measures are not 651 
required in LCR-compliant cities. But even when cities meet LCR AL requirements, other weaknesses 652 
inherent in the regulation, that is the requirements to collect only first draw samples, could impact 653 
LCR compliance status, as the highest WLLs in NOLA water did not appear until after a 30-second or 654 
2-minute flush at most sites. While this change in sampling protocol would not have affected NOLA’s 655 
LCR compliance status, the difference we observed between FD and F30S samples in terms of the 656 
percent of samples exceeding the Pb AL (~2%) may be enough to impact compliance status for 657 
borderline systems with LSLs. Whether cities are compliant or not, there is always a risk of Pb 658 
exposure, especially in cities with LSLs, thus LCR communication requirements should be revised to 659 
require regular consumer education on more evidence-based technologies for reducing exposures. 660 
Finally, over the years, health-based standards for Pb in blood have declined, but the Pb AL for 661 
drinking water has never received a similarly critical re-evaluation. As over one quarter of all samples 662 
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collected from the nine NOLA schools tested (n=67) exceeded AAP’s recommended WLL for schools 663 
(1 ppb)(Table 8), reconsideration of the Pb AL in consideration of vulnerable populations, and 664 
perhaps also inclusion of school water systems in LCR compliance sampling protocols may be 665 
prudent.  666 

 667 
4.3 Public health and risk communication implications 668 

 669 
Infants, children and pregnant and lactating women are the most vulnerable populations- for these 670 

populations, the U.S. CDC [78] and National Toxicology Program (NTP) [1] have asserted that there is 671 
no safe level of Pb exposure. Yet, despite weaknesses in the LCR [77], the CDC still recommends no 672 
water testing is needed in the homes of a lead-poisoned child if other sources of high Pb were found in 673 
the home, if residents are not on private well water, and if the city’s water meets LCR AL requirements 674 
[78]. As such, public health officials may not have not been monitoring WLLs in the homes of lead-675 
poisoned children, or educating impacted families about lead in water issues. This can be a cause for 676 
concern, as in the case of LCR-compliant NOLA, residential WLLs as high as 58 ppb were measured. 677 
Model estimates (IEUBK) suggest that WLLs this high, if sustained, could result in a 5% increase in 678 
the probability of a child having an elevated BLL above the CDC’s current reference value (5 µg/dL), 679 
just by water exposure alone [63]. When other sources are considered, WLLs exceeding just 3.8 ppb, a 680 
level the EPA estimates could raise a formula-fed infants chances of having a BLL exceeding 3.5 µg/dL, 681 
ranged from 18% in FD samples, to 22% in F30S samples. While the cumulative impact of low-dose 682 
chronic waterborne Pb exposure on fetuses, infants, children and pregnant women is uncertain, one 683 
study found that for every 1 µg/L increase in WLLs, childhood BLLS may increase by 35% after 150 days 684 
of exposure [7]. Given the fact that these low dose levels of Pb are widespread in NOLA water, a large 685 
proportion of the city’s population of pregnant women and children may be at potential risk if they drink 686 
or cook with unfiltered tap water on a regular basis. Survey responses indicate that consumption of 687 
unfiltered tap water either through drinking or cooking is not uncommon.  688 

Changes in public health policies could be made to address ensure that CDC goals for preventing 689 
childhood Pb exposures are met. One critical change would be to encourage WLL testing in the homes 690 
of lead-poisoned children. Environmental monitoring of WLLs for the purpose of exposure assessment 691 
could also be targeted to homes in cities with LSLs- especially older or low-occupancy homes, risk factors 692 
which have been identified in this and prior studies [55-56]. Older homes are commonly identified as 693 
most likely to have LSLs based on nationwide utility information [68]; and homes with low occupancy 694 
are hypothesized to have lower water use rates, more water stagnation, less buildup of corrosion control 695 
scale, less flushing out of particulates, and higher WLLs (55-56). And until better site-specific evidence-696 
based flush recommendations can be developed, public health officials, educators, water engineers and 697 
utility operators should work together to design communication strategies and consistent risk reduction 698 
messaging that promote evidence-based solutions; are transparent about uncertainties; and translate 699 
current science about low dose Pb impacts on child and reproductive health to motivate proactive health-700 
protective behaviors. Homogenized remediation guidelines are always susceptible to error, given the 701 
wide variability that can exist between buildings, e.g., in pipe age, lengths, materials, and diameters; scale 702 
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buildup; and home occupancy and water use. Promotion of these practices need to be reconsidered as 703 
other more effective, evidence-based, low-cost technologies, such as NSF-certified faucet mount filtration 704 
devices, are now widely [80]. In acknowledgement of this issue, the US EPA’s LCR Working Group 705 
recommended to US EPA officials in 2015, that the CCR be revised to exclude the currently required 706 
messaging: “When your water has been sitting for several hours, you can minimize the potential for lead 707 
exposure by flushing your tap for 30 seconds to 2 minutes before using water for drinking or cooking” 708 
[81]. Rather than promoting one-size-fits-all flush guidelines, greater effort should be expended on 709 
motivating and enabling proactive evidence-based solutions. Officials should explain health risks related 710 
to low dose Pb exposures to child-bearing women and health care providers to motivate proactive 711 
behaviors; and instruct residents in the correct selection, implementation and maintenance of NSF-712 
certified filters. More research is needed to field test cost-effective household water filtration systems; 713 
evaluate these interventions’ likelihood for reducing chronic exposures to low dose waterborne Pb and 714 
associated BLLs; and measure the short- and long-term health impacts of chronic cumulative exposure 715 
to low dose waterborne Pb. If the intention is to prevent lead exposure, empowering individuals with 716 
the knowledge needed to motivate and support implementation of evidence-based household water 717 
treatment technologies should be paramount. 718 
 719 
4.4 Study Limitations 720 

 721 
This study could not answer the questions of what factors are critical to the efficacy of flushing (i.e., 722 

what impacts do water quality conditions or plumbing components have on flushing efficacy); and 723 
what are optimal flush conditions (flush time and frequency) under different water quality and 724 
plumbing scenarios. Specific conditions that could increase the risk of random Pb spikes (e.g., presence 725 
of LSLs) could not be evaluated given the lack of resident knowledge and utility information. This 726 
information gap also prevented us from targeting the highest risk homes as required under the LCR 727 
(sites with LSLs, or copper with Pb solder); which in turn prevented us from evaluating LCR-728 
compliance. However, this study does highlight the fact that flushing can be an inconsistently effective 729 
lead exposure prevention measure even in LCR-compliant cities, if the purpose of the flushing is not to 730 
remediate high WLLs, but rather to prevent chronic low-dose lead exposure in vulnerable populations.  731 

Some weaknesses in the study design which could limit the generalizability of results. Sampling was 732 
conducted in only one city, yet each community water system has a unique set of water quality 733 
parameters which may have led to different conclusions. Sampling was also conducted on a small subset 734 
of NOLA homes, and as demonstrated here, there can be significant variability in WLLs between sites 735 
within the same city. However, this fact also supports the conclusion of this study, which is that in the 736 
absence of information on determining factors, a one-size-fits-all optimal flush time for sites within a city 737 
may be an unreliable exposure prevention measure. 738 

Convenience sampling may have introduced bias into both the WLL and survey results. 739 
NOLA is comprised of a large proportion of minorities (59% African-Americans); and residents with low 740 
household incomes (38% make < $25,000) [82]. However, study participants were primarily Caucasian 741 
(75%), with incomes ≥$75,000 (53%), and with college or graduate level educations (90%) (Table S2, 742 
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Supplementary Materials). Samples were also collected by study participants, with no way to verify that 743 
samples were collected properly. Given the logistical difficulty in collecting post-stagnation water 744 
samples, utility compliance samples are also collected by residents. This may have resulted in some 745 
misclassification, but it also provided the advantage of generating samples from a large number of sites. 746 
Finally, this study presents environmental monitoring data for waterborne lead levels that were collected 747 
from each site at only one point in time. A prospective study engaged in the ongoing collection of 748 
biological data, as well as collection of data on other environmental lead hazards (e.g., soil, dust, paint, 749 
food, etc.) is essential to characterize true exposures and associated adverse health outcomes.  750 
 751 
 752 
1. Conclusions 753 

 754 
 Overall NOLA WLLs were typically low (≤ 5 ppb); however, low-dose waterborne Pb is 755 

widespread across the city (60% of samples had WLLs ≥1 ppb). The sustained low WLLs 756 
throughout the NOLA water systems, the lack of strong correlations between WLLs and other 757 
metals, and the occurrence of peak WLLs in flushed samples, may indicate that LSLs may be a 758 
major contributor to NOLA WLLs. Older homes (pre-1950), which are more likely to have LSLs, 759 
had significantly higher WLLs (p<0.05).  760 

 Prevailing flush guidelines that are promoted by water utilities and public health officials (flushing 761 
taps for 30 seconds to 2 minutes) do not consistently decrease waterborne Pb when used for the 762 
express purpose of exposure prevention. In fact, significant increases in median WLLS were 763 
observed in samples collected after a 30 flush, where maximum WLLs reached up to 58 ppb. 764 
Significant declines in WLLs were only seen after extended flushing (6 minutes), but these changes 765 
were not substantial (< 1ppb). Over half of these extended flush samples (52%) still had detectable 766 
lead (≥1 ppb). Variability in WLLs and the randomness of WLL release should serve as a warning 767 
to public health officials, that the promotion of short-period flushing (30 seconds to 2 minutes) 768 
should not be employed for the purpose of Pb exposure prevention to protect vulnerable 769 
populations in cities with LSLs. 770 

 Both first draw and flushed samples from the majority of residential sites (>50%) exceeded health-771 
based standards for children, including the American Academy of Pediatrics’ 2016 recommended 772 
level for Pb in school water systems (>1 ppb); and the California EPA’s 2009 Public Health Goal for 773 
fetal and child exposures to water Pb (0.2 ppb). This a concern as the majority of survey 774 
respondents reported either drinking or cooking with unfiltered tap water at some point in time 775 
(93%, n=277). Of those consuming unfiltered water, only 16% reported flushing prior to use. While 776 
there was not widespread application of flushing guidelines among study participants, those who 777 
did flush water prior to use, may not be flushing long enough to see significant or substantial WLL 778 
decreases- only three respondents using unfiltered tap water flushed for over two minutes (7%, 779 
n=267). 780 
 781 
 782 
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 783 
 784 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Information on S&WB’s 785 
water treatment system, Figure S1: “Tips for reducing lead exposure from drinking water” (Source: NOLA S&WB’s 786 
2016 Consumer Confidence Report), Figure S2: Percent of survey respondents by reported length of premise 787 
plumbing + service line measurements (meters)(n=80), Table S1: New Orleans 2015 water quality data for finished 788 
water (after purification), Table S2: Participant and household characteristics of respondents, Survey for homes: Lead 789 
exposure assessment for drinking water study. 790 
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