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Executive Summary

Several researchers have observed increased incidence
of | ead poisoning during sunmer nonths. Reasons for seasonal
rhythnms in blood-lead levels, if such a phenonenon is real, are
not imedi ately apparent. Altered human physi ol ogy and hi gher
| evel s of |ead exposure during the summer nonths have both been
postul ated as reasons for the tenporal variations.

This study was undertaken to exam ne tenporal variation
in blood- and environnental -1ead |evels in data observed for a
sanple of 249 children in Boston between 1979 and 1983 at the
Bri gham and Wonen's Hospital. The two prinmary objectives of this
study were to:

° Determ ne the extent to which bl ood-1ead | evels
recorded in the study conducted at the Brigham and
Wnen's Hospital exhibit seasonal variation.

o Determne if any existing seasonal trends in
bl ood-1ead | evels are correl ated with seasonal
trends in environmental |evels.

For each child in the study, blood-Iead and
envi ronnent al -1 ead neasurenents were collected |longitudinally
over a period of two years. Levels of lead in air, dust, water,
and soil were included in the environnental data. Nomnally,
between two and five neasurenents were taken for each response
(bl ood or environnmental lead) in six nonth increnents.

For the investigation of seasonal trends in the bl ood
and environnental neasures, each response was anal yzed
separately. For statistical reasons, responses were |og
transforned before analysis. In addition to seasonal variations,
the child s date of birth, and age were consi dered for possible
effects. Because significant correlations were observed between
t he repeated neasures taken on individual children, these



correlations were estinmated and incorporated into the nodel
esti mat es.

I n determ ni ng whet her seasonal conponents of variation
exi sted for each response, the first step was to nodel nonthly
averages and determ ne whether they exhibited systematic nonthly
variation. Although this approach reflected a significant source
of variation, the interpretation is cunbersone. Therefore,
because many of the nedia sanpl ed exhi bited higher levels in the
summer and |l ower levels in the winter, a sinusoidal (Fourier)
nodel was investigated for the seasonal conponent wth paraneters
to represent the nagnitude as well as the phase, or nonth of the
peak level. This approach was sufficient for nodeling | ead
| evels in the environnmental nedia. However, for blood, where the
maxi mum and the m ni nrum did not occur six nonths apart, a
slightly nore conplicated Fourier nodel was required.

Bl ood-l ead | evel s were found to have highly significant
seasonal variations (p<0.0001), with the maxi nrum nodel ed to occur
in late June, and the mnimumin March. The estimted maxi num
to-mninmumratio was 2.5. Wthout adjusting for other effects,
observed geonetric nean bl ood-1ead |l evels by nonth of year ranged
from2.1 pug/dl in February to 7.5 pg/dl in July. Age of child
was also found to be a significant factor; the square root of age
was found to be nore linearly related to bl ood-lead | evels than
was age itself. Consistent with other studies, blood-lead |Ievels
in children were found to increase with age.

Air-, floor dust-, furniture dust-, and w ndow sill
dust-lead |l evels all exhibited highly significant seasonal
variation. The estimated maxi numto-mninmumrati os were 2.3 for
air lead, 1.5 for floor dust lead, 1.4 for furniture dust |ead,
and 1.6 for window sill dust lead. Mdeled lead levels for air,
floor dust, and furniture dust all had peaks in July. ddly,
peak wi ndow sill dust-lead |evels were nodeled to occur in
Novenber. Each of these responses were also significantly



related to the date of neasurenent, with a decrease observed over
time. This is not unexpected due to the concurrent reduction in
t he use of | eaded gasoli ne.

The extent to which levels of |ead in blood were
correlated with levels of lead in the environnent was al so
eval uated. As stated above, the seasonal conponent of variation
in blood-lead |l evels was highly statistically significant.
However, after adjusting for the |inear effects of environnmental
measures, the (residual) blood-lead |evels did not exhibit even
mar gi nal Iy significant seasonal variation (at the 10 percent
l evel ).

These results do not necessarily inply a causal
rel ati onshi p between seasonal variation in environnental -Iead
| evel s and seasonal rhythns in blood-lead | evels. The fact that
there were arguably parallel rhythnms in bl ood- and, say, floor-
dust lead levels, doesn't inply that the blood-lead | evels are
influenced by the floor-dust lead levels. In particular, if the
floor dust-lead levels were to be nmultiplied by two, while
retaining the sane blood |l ead |l evels, and nodels were refit, the
sanme statistical significance |levels would be reported by this
anal ysis approach. Thus, it would be inportant to devel op a
physi ol ogi cal nodel relating |levels of lead in the environnent to
those in blood, before proclaimng a causal relationship.

Nonet hel ess in this data, which was collected in the
early 1980's froma specific set of children in Boston, there was
abundant evi dence supporting the existence and parallelismof the
seasonal variations anong bl ood-, air-, floor dust-, and
furniture dust-lead levels. The three environnental-1ead
measures peak in July which is very near the bl ood-|ead peak
month of June. In addition, the maxi mumto-mninmumratios in the
envi ronnment al -| ead neasures, ranging from1l1l.4 to 2.3, are of the
sane order of magnitude as the blood-lead ratio of 2.5. Thus,



based on the results of this study, it is quite plausible that
seasonal variations in environnmental -lead |evels contribute to
t he bl ood-1| ead rhyt hns.
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1.0 INTRODUCTION

Several researchers have observed el evated | evel s of
| ead contam nation and/or increased incidence of |ead poisoning
during summer nonths. Reasons for seasonal rhythns in bl ood-1|ead
l evels, if such a phenonenon is real, are not imredi ately
apparent. The tenporal variation may result fromeither altered
human physi ol ogy!2 or higher |evels of |ead exposure during the
summer nonths. Determ ning the source of the tenporal variation
in blood-lead | evel s may enhance our understandi ng of the
rel ati onshi p between environnental -lead and its inpact on body
bur den.

There were two primary objectives of this study:

® Determne the extent to which blood-1lead | evels
recorded in the study conducted at the Brigham and
Wnen's Hospital exhibit seasonal variation.

@ Determne if any existing seasonal trends in
bl ood-1ead | evels are correl ated with seasonal
trends in environmental |evels.

This report exam nes tenporal variation in blood- and
environmental -l ead | evels in data observed on 250 children
sanpl ed in Boston between 1979 and 1983.

2.0 DATA

Unrbi li cal cord bl ood sanples were collected for
11,837 births at the Brigham and Wnen's Hospital (fornerly the
Boston Hospital for Wnen) fromApril 1979 to April 1981. O
these, 250 children were selected for an ongoing foll ow up study
i nvol vi ng environnental and psychol ogi cal neasurenents. (One
additional child had bl ood | ead neasured only at six nonths.
This data was used to estinate the average |l ead | evel at six
mont hs, but does not permt assessnent of seasonal variation for
this child.) The selection criteria for the foll ow up study
i ncluded cord blood levels in the highest, |owest, and m ddl e



deciles of the distribution of cord blood-Iead | evels, residence
wthin 12 mles fromthe hospital, and |likely to be available for
two years of sanpling. The resulting cohort differs fromthose
studied in other research on | ead exposure in that famly incones
are relatively high, nothers were likely to be ol der, Wite,
col | ege educat ed, and working outside of the honme. This analysis
was based on the environnental and bl ood-|lead data coll ected on
each of these 250 children up to 24 nonths of age.

For each child in the study, blood-Iead and
envi ronnment al - | ead neasurenents were collected at various tines.
The nunber of nmeasurenents made varied fromchild to child.
Tabl e 1 di splays the nunber of observations avail able for
anal ysis for blood | ead and environnental |ead at each age |evel.

TABLE 1. NUMBER OF OBSERVATIONS AVAILABLE FOR
EACH RESPONSE ACROSS TIME

Age of Child in Months

0 1 6 12 18 24
Bl ood 249 220 208 213 202
Ar 217 193 125
FI oor Dust 247 228 205 191
Fur ni ture Dust 247 231 204 190
W ndow Si | | 240 231 203 189
Dust 245 230 17 17
Wat er 152 148
Soi |

Typically floor dust was collected in the living
room and furniture dust was collected fromthe kitchen table.
Kitchen sink water was collected after a 4-liter flush. A 1.0-
ft?2 tenplate was used to collect floor and furniture dust w pes,
and a 0.5-ft? tenplate was used to collect w ndow sill dust
w pes. Data was not avail able on deviations fromthese



protocols, so these neasures were anal yzed sinply as pug.
However, the followi ng units can be used to interpret the
results:

Bl ood (pug/dl)

At (pg/m)

Fl oor Dust (ug/ft?

Furniture Dust (pg/ft?

W ndow Sill Dust (pg/0.5 ft?)

As shown in Table 1, collection of water and soil
sanples were nostly limted to specific sanpling canpaigns. For
those children with replicate neasurenents, there was a
substantial anmount of variation anong the water- and soil-I| ead
concentrations nmade during different nonths for the sanme child.
However, statistical hypothesis tests concluded that there were
no systematic variations in the water- and soil-Iead
concentrations, and therefore, it was reasoned that water- and
soil -l ead concentrations remain rel atively constant throughout a
span of two years. Thus, replicate neasurenents of water- and
soil -1 ead concentrations were averaged and used as a baseline
expl anat ory neasure for each child.

Dust -1 ead nmeasurenents should be interpreted as
approxi mate |l oadings in pg/ft2 However, exact dinensions of the
areas sanpled were not available in the data set anal yzed.
Therefore, in sonme cases they are only referred to as | ead
"amounts". Also, information was not avail able regarding the
proximty of these sanples to children's activity areas.

3.0 STATISTICAL MODELING APPROACH

The approach to the statistical analyses is described
inthis section. The five nedia investigated for seasonal trends
in lead were blood, air, floor dust, furniture dust, and w ndow
soil dust. Since there was a significant seasonal conponent in

3



each response, it was al so investigated whether a seasonal
conponent remai ned present in the blood-lead | evels after
adjusting for the effects of lead in the environnental nedia.

For the investigation of seasonal trends in each of
the bl ood and environnmental neasures, each response was anal yzed
separately. \When eval uating whether there was a significant
seasonal conponent in blood-lead |evels, after controlling for
differences in environnental |ead |evels, the data were
restricted to those sanpling canpaigns in which neasures of |ead
in blood, floor dust, furniture dust, wi ndow sill dust, and air
were obtained (see Table 1). This restricted the data to those
collected at 6, 18, and 24 nonths. Excluding observations with
i nconpl ete data reduced the nunber of observations to 461 on 193
children. The full data set contained 843 observations nade on
250 children

Each bl ood and environnental |ead neasure was | og
transforned before analysis. There were two main reasons for
this. First, these responses varied over one to four orders of
magni tude. Second, after the log transformation all of the
responses were better nodeled by a normal distribution, which is
an underlying assunption of the statistical analyses.

Based on previous studies** factors suspected to
i nfluence children's bl ood-lead |levels include the child s date
of birth, age, and the tine of year at which the sanple is taken.
These factors were included in the nodels fitted to the bl ood
| ead. For environnental |ead, the dates of the measurenent were
i ncluded instead of the child s date of birth and age to adjust
for overall trends.

3.1 FORM OF SEASONAL VARIATION
The purpose of this analysis is to investigate the

presence of a systematic seasonal conponent of variation in



bl ood- and environnental -l1ead levels. It was not known at the
out set whet her such a cyclic conponent existed, let alone its
functional form However, it was assuned that a conplete cycle
for a seasonal variation, if present, would have a period of

t wel ve nont hs.

The information in the data on date of sanpling is
limted to nonth and year of sanpling. Therefore, the sinplest
and nost general approach is to consider nonth as a class
variable with twel ve possible levels. This approach allows each
nmonth of the year to have its own nean after adjusting for other
factors in the nodel

yi = X$ + "y oL, (1)

where x; denotes the row vector of covariates for each of the
other factors in the nodel, $ denotes the columm vector of
paraneters for the covariates, m(i) denotes the nonth nunber for
the ith observation, ', denotes the deviation fromthe nean for
the nth nonth (éé_'},: O)and ,i denotes randomerror. A
[imtation to this approach is the interpretation of the 12
values of ", one is left wth the burden of understanding 12
different nonthly averages. A second |[imtation is in the
estimation of the variance of these nonthly paraneters. If a
sinpler nodel with fewer paraneters underlies this cyclic
variation, then estimates of its paranmeters would be nore
preci se.

Since for many of the nedia sanpled, |ead | evels were
hi ghest during the summer and | owest during the winter, a
sinusoidal (Fourier) formof the nodel was investigated:

Yy, = Xi$ + ""‘cos (([T(I)-N)*ZB/].Z) + L,



where ' denotes the anplitude and N denotes the phase (in nonths)
of the sinusoidal trend. The phase represents the tinme in nonths
at which the maxi num val ue of the sinusoidal trend, the
anplitude, occurs. Freedomto vary the phase is necessary
because it is not known a priori when the maxi mum shoul d occur.

A nodel with a single sinusoidal terminplicitly assunes that

m ni mum | evel s occur six nonths after maxi num |l evels. Because

t hi s phenonenon was not observed in all nedia, additional Fourier
terms were included in the nodels allow ng for peaks and vall eys
to be less or nore than six nonths apart. The specific forns of
t hese nodels are explained in Sections 3.3 and 3. 4.

Model s enpl oying the Fourier paraneterization for the
seasonal ity effect were only fitted to the data if the nonth-to-
month variation was determ ned to be statistically significant
based on a nodel utilizing the twelve levels of ",. Oherw se,
it was reasoned, other nodeled factors satisfactorily explain the
vari ation observed in | ead |evels.

3.2 CORRELATIONAL DEPENDENCE AMONG REPEATED MEASURES
It is inportant that the nodel chosen to fit to the

data takes into account possible systematic correlations anpbng
repeat ed observations on the sane child. This section describes
t he approach for nodeling for correl ati onal dependence.

It is sensible to assune that neasurenents nmade on
the sane child are correlated. However, the structure of this
correlation is not known. For instance, neasurenents taken
farther apart in tinme (on a given child) my be |less correl ated
t han those taken cl oser together in tine.

The matrix presented in Figure 1 illustrates the
structure of the covariance assuned anong repeated bl ood neasures
taken on each child, excluding the cord bl ood neasure.



j =1 j =2 j =3 j =4
6 nont hs 12 nonths 18 nonths 24 nonths

i=1: 6 nonths Fip Fis Fis Fia
i =2: 12 nonths Fs, Fs, Fos Fas
i =3: 18 nonths Fs. Fs Fis Fzs
i =4: 24 nonths Fi Fi Fis Fus

Figure 1. Unstructured covariance matrix.

For exanple, F,; represents the covariance between
measures taken at 12 nonths and 18 nonths on the sane child,

after controlling for covariates. By definition F; = F; for

ji
i,j =1,2,3,4. The diagonal terms, F;;, F,, Fs;, F., represent the
vari ances for neasures taken at each of the four increasing ages,

respectively, after correcting for other factors in the nodel.

W t hout maki ng any assunptions about the structure of
the covariance matrix, Figure 1 represents the nost general form
possible. This is referred to as unstructured. No relationships

anong different covariances are assuned in the unstructured form
Bel ow are two nore structures which were consi dered:
aut oregressive and randomchild effect structures.

D D> D° Autoregressive. The variance of bl ood-Pb

2| concentration is assuned to be the sane for
D 1 D D . ;
F? , children of all ages. The correlation
D D 1 D | between repeated neasurenents on the sane

D3 D2 D 1 child is assumed to decrease with tine
. 1 bet ween neasurenents.



2 2 2 . .
F2+F F F F Random Child Effect. Variances are
assuned equal for all neasures. The

2 2 2 2 2

T F1 Fy correl ati ons between repeated

F2 F2  E24F2 P2 measures on the sane child are

! ! ! ! assuned to be equal regardl ess of
Fi Fi Fi F2+F§ ti me between neasurenents.

hservations on different children
are assuned to be uncorrel at ed.

The tradeoff anobng these covariance structures is
that al though a nore general nodel requires fewer assunptions
about correlations, it requires the estinmation of nore
paraneters. To determ ne an appropriate covariance structure,
the Akai ke Information Criterion® (AIC) was used. The AIC
provi des a nmeans of conparing nodels with the sane fixed effects
but different covariance structures. It is defined as

Al C = 2p(2)-2q,

where p(2) is the calculated log likelihood and q is the nunber
of parameters. This function adjusts the log-1ikelihood for the
nunber of paraneters in the nodel, including the terns for both
fi xed effects and covariance. The nodel having the largest AIC
is considered to provide the best fit to the data. Due to the
high AIC and the fact that variability was observed to decrease
with the age of the child, the unstructured covari ance was chosen
as nost appropriate. Table 2 displays the estimted unstructured
covariance matrix for the nodel fit to the bl ood-Iead data.



child' s hone.

TABLE 2. ESTIMATED COVARIANCE MATRIX FOR (LOG)
BLOOD LEAD ON AN INDIVIDUAL CHILD
Age
(mont hs) 6 12 18 24
6 3.92 0.17 0.21 0.75
12 0.17 2.85 0. 49 0. 47
18 0.21 0. 49 1.93 0. 86
24 0.75 0. 47 0. 86 1.93

illustrative purposes,

Tabl e 3 di splays the correl ation
matri x associated with the covariance matrix in Table 2.

TABLE 3. ESTIMATED CORRELATION MATRIX FOR (LOG)
BLOOD LEAD ON AN INDIVIDUAL CHILD
Age
(mont hs) 6 12 18 24
6 1.00 0. 05 0. 08 0. 27
12 0. 05 1.00 0.21 0. 20
18 0. 08 0.21 1.00 0. 45
24 0. 27 0. 20 0. 45 1.00

For consi stency,

correlation structures of

Ther ef or e,

repeat ed environnent al

no assunptions were made about the
neasures at a
unstructured covari ance natri ces were

assunmed for each nedi a.
The foll owm ng sections describe the specific nodels
fit to each of the responses.

3.3 BLOOD LEAD




Model s of the followng formwere fit to bl ood-1ead

concentrations:

wher e

LB, =

LB, =

& =

$ =
$ =

Swiiay =

3ij

The npde

$, + $ DOB + $aY2 + Syia t sia (2)

child index,

age of child in nonths,

the logarithm of the nmeasured concentration
of Pb in the blood (pg/dl) for the ith child
at age a,

i ntercept,

date of birth of ith child,

linear effect of date of birth,

i near effect of age,

seasonal effect for nonth in which child
was age a, and

randomerror (,;;, .y, correlated only if i=y;
i.e., measures are fromsane child).

i ncludes a date of birth effect to trace

changes between different "birth cohorts” of children, and an age

effect to reflect changes as a child grows regardl ess of his/her
birth. To test whether there was confoundi ng between the

year of

age and date of birth effects, the nodel was also fit w thout the

date of birth effect. The estinmates and significance |evels

obtained for the age effect in both cases were very simlar.

Ther ef or e,

it was concluded that the two factors were not

confounded and both factors were included in our final npdel.
The seasonal effect is described by the foll ow ng

Fouri er

nmodel ,

10



Siiiay = "icos((m(ia)-N;)*2B/12) + ",cos((n(ia)-N,)*2B/6),

wher e
" = anpl i tude of annual cyclic variation,
N, = phase of annual cyclic variation (tinme when
peak occurs in nonths),
" = anpl i tude of biannual cyclic variation, and
N, = phase of biannual cyclic variation (tinme when

first peak occurs).

The two-phase cyclic nodel was sel ected as an objective
conprom se between a sinple sinusoidal conponent with unknown
phase, and a nodel including a different termfor each nonth of
the year. Certainly there was no reason to assunme, a priori
that the shape of the seasonal conponent would fit a sine wave
perfectly. A two-phase nodel was chosen by repeatedly addi ng
Fourier terns with unspecified phase and period (12/k) nonths,
k=1,2,3... until the relative reduction of error was
insignificant. For blood lead this process was halted after
addi ng the biannual cyclic term which cycles twi ce per year, to
the sinple annual cyclic term

3.4 ENVIRONMENTAL LEAD
Model s of the followwng formwere fit to levels of |ead

in air, floor dust, furniture dust, and wi ndow sill dust:

(LAiaa I—Fl—iaa LFUlaa I—V\Bia) = $o + $1tia + Srr(ia) + siar (3)

where the factors not defined above for the bl ood-| ead nodel are

11



LA, = the logarithm of the neasured indoor air-|ead
concentration (pg/n¥) in the ith child' s hone
at age a,

LFL;, = the logarithm of the neasured indoor
floor dust-lead loading (pg) in the ith
child s hone at age a,

LFU , = the logarithm of the neasured indoor
furniture dust-lead |oading (pg) in the
ith child s hone at age a,

LW5,, = the I ogarithm of the nmeasured w ndow sill
lead loading (ng) in the ith child s hone at
age a,

tia, = date when ith child was a nonths old, and

$, = l'inear effect of date.

The seasonal effect is described by the foll ow ng
Fourier nodel, for all four environnental nmedi a:

Siia = "cos((miia)-N,) *2B/ 12).

3.5 BLOOD-LEAD LEVELS ADJUSTED FOR
ENVIRONMENTAL LEAD LEVELS

A nodel was fit to the conbi ned bl ood- and

environnental -1 ead data to determ ne whether there were seasona
variations in blood-lead | evels above and beyond those expl ai ned
by changes (perhaps seasonal) in levels of |ead in surrounding

environmental nedia. The equation for this nodel is as foll ows:

LB, = $, + $, DOB + $a + "1, + LA, + ",LFL,
+ "3LFU, + "ULW5, + TSLS + T LWA + i, (4)

wher e
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LS = the logarithm of the nmeasured concentration
(ppb) of lead in soil outside the honme of the
ith child, and

LWA = the logarithm of the neasured concentration
(ppb) of lead in water at the honme of the ith
chi |l d.

Notice that the nost general seasonal conponent, ', is used
here, as was the approach for fitting nodels to each nmedi um
separately. (See equation (1).) As nentioned in Section 3.1
the convention was to first fit nodels with the nost general
seasonal fornulation, but to investigate sinplification only
after determning that the variation was significant after
controlling for other factors.

It is inportant to note that several of the predictor
variables in this nodel are subject to error (e.g., each of the
environnental |ead neasures). These errors can potentially bias
estimates of these factors downward (in magnitude). The data did
not permt an assessnent of the magnitude of these errors, and
therefore, it was not possible to adjust the estimates for the
measurenent error. Thus, it is reasonable to assune that our
estimates of these effects are conservati ve.

4.0 RESULTS

This section presents the statistical analysis results.
Section 4.1 provides descriptive statistics. Section 4.2
describes the outlier analysis. This is followed by the nodel -
fitting results. Section 4.3 presents the results of fitting the
seasonal nodel to blood-lead levels. Corresponding nodel-fitting
results for the four environnental -1 ead responses are di scussed
in Section 4.4. Finally, in Section 4.5 we discuss results of
fitting blood-lead | evels to the seasonal nodel after controlling
for environnmental -1ead | evels.

13



4.1 DESCRIPTIVE STATISTICS
For each of the responses neasured there was evi dence

of periodicity. Table 4 displays estimtes of the geonetric nean
| evel s (on original scale) of lead in blood, air, floor dust,
furniture dust, and wi ndow sill dust by nonth. The nunber of
bl ood sanples collected is also listed by nonth. Approximate | og
standard errors of these estimates are provided for each nedi a,
along with the observed | og standard devi ations. The averages
are often highest in the sumer nonths (June, July, August) and
| onest in the winter nonths (February, March). Four of the
measures, blood, furniture dust, air, and wi ndow sill dust appear
to have a relative mninmumin Septenber. For reasons discussed
bel ow, cord bl ood neasures were excluded fromthe cal cul ati ons
for bl ood | ead.

Figure 2 displays observed geonetric average bl ood-| ead
l evel s with 95 percent confidence bounds for each nonth of the
study. These averages do not control for any covariates (such as
age of child or date of birth). This figure reveals a slight
cyclic variation, but does not show any sign of general change
over time. It is not possible to distinguish between wthin-
child effects (such as age) and between-child effects (such as
date of birth) fromthis plot. The statistical nodeling results
presented next, allow this separation. It is shown that the
w thin- and between-child effects actually counteract each ot her
inthis figure.

4.2 OUTLIER ANALYSIS
Mul tivariate outlier anal yses were perfornmed to

identify unusual data points. A Hotelling T? test was applied to
identify potential outliers based on the distance between an
observation and the average of the remaining observations
relative to the covariance matrix of the remaining observations.

14



The test was applied to the subset of the sanpling canpaigns in
whi ch each of the five neasures: Dblood, air, floor dust,

15



TABLE 4. GEOMETRIC MEANS AND LOG STANDARD DEVIATIONS
OF VARIOUS MEASURES BY MONTH
Nunber of Fl oor Furniture WEPFPW

Bl ood Bl ood Air Dust Dust Dust
Mont h Measur es (Hg/dl) | (ug/nf) (H9) (H9) )
January 72 3.10 0. 07 3. 06 2.46 10. 54
February 54 2.13 0. 06 2.58 2.12 8.03
Mar ch 100 2.87 0. 05 2.39 1.85 8. 54
Apri | 74 3. 87 0. 06 3. 54 2.58 10. 49
May 68 4. 64 0.10 4.43 3. 27 12. 25
June 63 5.13 0.11 3. 65 2.68 8. 94
Jul y 77 7.52 0.10 4. 40 2.58 13. 87
August 51 4. 05 0.11 5. 58 3.92 16.78
Sept enber 96 2.49 0. 09 3.95 2.63 11. 64
Oct ober 73 3. 06 0.10 3.52 3.53 19. 39
Novenber 53 4.51 0. 07 4,98 3. 36 17. 32
Decenber 62 3.61 0. 05 3.32 2.90 12. 44
Appr oxi mat e
Log Standard 0. 20 0. 15 0.14 0.13 0.18
Error”
Log Standard 1.65 0.97 1.16 1.08 1.54
Devi ati on™

The actual standard error of the nmean Io%-transfornEd val ues varied due to
sampl e size differences across nonths. hese nunbers represent the average
val ue of these |og-standard errors.

* %

This represents the estimted w thin-nmonth standard deviation of the |og-
transformed responses.

This test
identified two observations as outliers at the 10 percent |evel;

furniture dust, and wi ndow sill dust were obtai ned.
The | ast columm of the table
of the Hotelling T? test

A Bonferroni-type critical value is used

Tabl e 5 di spl ays the observati ons.
provi des the observed significance |evel
for the observations.
to conpensate for the nunmerous sinultaneous tests perforned and
to maintain a 10% overall significance. The second to |ast
colum is the appropriate threshold, based on the Bonferron

adj ustnent, to conpare the observed significance |evel with. The

16



6th nonth floor dust nmeasure on child 804391 was 600 pg, which
was the | argest value of floor dust |ead when all 5 responses

17
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Figure 2. Geometric average blood-lead levels with 95%
confidence bounds by month and year.

were neasured. The 18th nonth bl ood-|ead neasure on child 805874
was registered as 0 pg/dl (below the detection limt), but the
furniture and wi ndow sill dust-Ilead nmeasures were hi ghest anong
all observations with a bl ood neasure of 0 pg/dl. Models were
fit wth and without these two data points to evaluate their
effect on the conclusions. Since nodels fitted to all data

yi el ded the sanme conclusions as nodels fitted to the data with
outliers renoved, results presented herein are based on anal yses
including all of the data.
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TABLE 5. MULTIVARIATE OUTLIERS

Lead Levels
Floor Furniture Window Bonferroni Observed
Blood Air Dust Dust Sill Dust 10% Significance Significance
ID Age (Mg/dl)  (ug/my)  (ug) (H9) (H9) Cutoff Level
804391 6 4 0.19 600 210 600 1.95x 10* 3.29x10°
805874 18 0 0.10 1 12 160 1.95x 10* 1.35x 10*

Lower order principal conponents were al so used to
visually inspect the data for outliers. The |ower order
princi pal conponents, by construction, are |linear conbinations of
the factors with the smallest variance. Therefore, outstanding
real i zations of these principal conponents are often exam ned as
potential outliers. There were no unusual observations noted in
a plot of the fourth and fifth of five principal conponents. The
two outliers nmentioned above were typical data points as neasured
by these principal conponents.

4.3 MODELING RESULTS FOR BLOOD LEAD
Tabl e 6 di splays esti mates of nean bl ood-| ead

concentration by age, adjusting for date of birth and nonth of
measurenent. (Least-squares neans are presented which represent
t he nodel ed nean for each age, holding date of birth at the

aver age observed |l evel, and averaging across the 12 nonths in

whi ch neasurenments were collected.) The average bl ood-1ead | evel
at 6 nonths was significantly |less than those observed at the

ot her ages, but cord bl ood-lead | evels were actually higher than
t hose observed at 6, 12, 18, and 24 nonths (though not
significantly). Since cord blood | ead may be nore associ at ed
with the nothers' blood-lead | evel, and does not appear to be
consistent with neasurenents taken at different tine points, cord
bl ood-1ead | evel s were excluded fromthe subsequent anal yses.
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The results displayed in Table 6 al so suggest that the
increase in blood | ead has a nonlinear relationship wth age.
Since at best there are only four tinme points on each child,
only one-paraneter nodels were considered to fit this curvature.
A nodel containing a termfor the square root of age appeared to
provi de an adequate fit.

TABLE 6. MEAN BLOOD-LEAD CONCENTRATION (pg/Zdl) BY AGE
(CONTROLLING FOR RATE OF BIRTH AND MONTH OF

MEASUREMENT)
Age
(mont hs) Mean Lower Bound Upper Bound
0 5.2 4.5 5.9
6 2.4 1.8 3.1
12 4.0 3.2 5.1
18 4.4 3.6 5.3
24 4.3 3.5 5.1

Table 7 displays the results of fitting the nodel to
bl ood-1ead | evels. Age of child was found to be significant,
date of birth was not; the magnitude of these effects is
di scussed bel ow. As described earlier, both annual and bi annual
cyclic conponents of variation were used in the nodel to describe
seasonal variation. Both conponents were sinusoidal. Phase is
estimated in nonths. For interpretation, we assuned a phase of
1.0 corresponds to January 15, phase 2.0 corresponds to February
15, etc. Added together, the peak of the systematic seasonal
conponent occurred in late June; |owest |levels occurred in early
March. The magnitude of this seasonal difference was 0.93 on a
| og scale. This corresponds to a nultiplicative increase of 2.54
in blood | ead during late June over levels in early March on the
sanme child. This nunber is calculated as the range of the
seasonal conponent over a 12-nonth peri od.
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TABLE 7. RESULTS OF FITTING MIXED ANOVA MODEL WITH CYCLIC
SEASONAL COMPONENTS TO BLOOD MEASURES

Response Fact or Esti mat e Std. Error | Significance
Bl ood I nt er cept $, 0.792 0. 327
(843 obs.) . .
Date of Birth (in $,
mont hs) -0.010 0.013 0. 4260
Age (in nonths, $,
square root) 0.194 0. 055 0. 0005
Cyclic Annual " 0.319 0. 059
Conponent (Anplitude) '
Cyclic Annual N, 6. 659 0.179 <0. 0001
Conponent (Phase) (Jul. 5) (5 days)
Cyclic Bi-Annual ",
Conponent (Anplitude) 0.264 0.094
Cyclic Bi-Annual N, 5. 999 0. 381 0.0198?
Conponent (Phase) (Jun 15, Dec. 15) (11 days)

! Statistical significance of overall seasonal conponent.
2 Significance of bi-annual cyclic conponent after controlling for annua
cyclic conponent.

Figure 3 displays the nultiplicative factor
correspondi ng to the nodel ed seasonal conponent of variance for
each nonth of the year connected by a solid line. The bars
overlaid on this plot display the nean and confi dence bounds for
the residuals of observed bl ood-lead | evels after controlling for
age and date of birth. There is clearly a seasonal conponent
present in the residuals which parallels the estimted seasona
conponent. To facilitate quantification of the cyclic conponent,
the values in this plot were scaled to force the m ni num
multiplier to be 1.00. Reference lines were placed at 1.00 and
2.54, where the m ni mum and maxi num occurred. The m ni mum
appears in March, the nmaxi mum appears in June with a val ue cl ose
to that nodeled for July. The values on this plot do not
represent predicted |ead levels, but rather the ratio of average
| ead | evels for different nonths of the year to the level for the
month with the | owest average levels, i.e. March (after
controlling for age and date of birth).
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Figure 4 illustrates the relative inpact of each of the
factors in the conplete nodel fitted for blood | ead. The figure
covers a span of about three years from Decenber 1979 through

22
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Figure 3. Modeled seasonal variation and residual blood-lead
levels after controlling for age and date of birth
effects. (Bars represent 95% confidential bounds for
blood-lead residuals.)
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Figure 4. Modeled blood-lead levels over time,showing effects

of date, child"s age, and seasonal variation.
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Decenber 1982. There are three curves displayed in the plot.
Each curve represents predicted bl ood-lead levels for a child
born at a different time. The solid curve which begins earliest
and represents the nodel ed bl ood-1ead |levels for a child born in
Decenber 1979. The nost striking feature of this plot is the
extensive cyclic variation about a generally increasing trend.
This increase reflects the significant age effect. However, the
cyclic variation outweighs the effect of age. Notice that for
children born in Decenber, although the estimted m nimum
seasonal variation occurs in March (Figure 3), when the age
effect is added the relative mninmumlead | evels occur in
February.

Because data was collected for only two years on each
child, the solid curve termnates after two years. The second
and third lines represent nodel ed bl ood-|ead concentrations for
children born one and two years later (in Decenber 1980 and
Decenber 1981). There was a slight (and statistically
insignificant) decrease in blood-lead |levels with date of birth.
This is reflected by the slightly |ower starting points for
children born |ater.

4.4 MODELING RESULTS FOR ENVIRONMENTAL LEAD
The final nodels fitted to the environnental nedia were
described in Section 3.4. These nodels included a |inear effect

for date and a cyclic seasonal effect. An unstructured error
variance matri x was assuned for the repeated neasures at each
child s hone. Both the date effect and the seasonal effect were
statistically significant for each of the four environnental
medi a i nvesti gat ed.

Tabl e 8 di splays the estimated paraneters for the fixed
effects along with the standard errors and significance |evels.
Since the fitted nodel included only a single Fourier conponent
for each nedia the phase listed equals the tinme, in nonths, of
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t he predi cted nmaxi mum seasonal variation. For each nmedium the
significance of both paraneters of the cyclic conponent is tested
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TABLE 8. RESULTS OF FITTING MIXED ANOVA MODEL WITH CYCLIC
SEASONAL COMPONENTS TO ENVIRONMENTAL MEASURES

Response Fact or Estimate St d. Si gni ficance
Error
Air-Lead I ntercept 1.751 0. 153
(535
vs. ) Dat e -0. 025 0. 005 <0. 0001
Cyclic Annual 0.408 0. 059
Conponent (Anplitude) <0. 0001
Cyclic Annual 6. 815 0. 141
Conponent (Phase) (Jul. 9) (4 days)
Fl oor I ntercept 1.503 0.123
Dust - Lead
(871 Dat e -0. 008 0. 004 0. 0391
os. ) .
Cyclic Annual 0. 203 0. 040
Conponent (Anplitude) <0. 0001
Cyclic Annual 6. 896 0.198
Conponent (Phase) (Jul. 12) (6 days)
Furniture I ntercept 1. 359 0. 115
Dust - Lead
(872 Dat e -0.012 0. 003 0. 0002
os. ) .
Cyclic Annual 0. 184 0. 038
Conponent (Anplitude) <0. 0001
Cyclic Annual 7.349 0.217
Conponent (Phase) (Jul. 25) (7 days)
W ndow I ntercept 2.823 0. 156
Si |
Dust-Lead | Date -0.012 0. 005 0. 0107
863
Ebs.) Cyclic Annual 0. 240 0. 053
Conponent (Anplitude) <0. 0001
Cyclic Annual 10. 588 0. 237
Conponent (Phase) (Nov. 3) (7 days)

si mul t aneously and was highly significant in all cases. Notice
how cl ose together in time the maxima are predicted for air |ead,
fl oor dust |ead, and furniture dust |lead. Each of these peaks
are predicted to occur in July.



Figures 5 through 8 display nodeled | ead | evel s as
solid lines for air, floor dust, furniture dust, and w ndow sill
dust, respectively. Overlaid on these plots are the observed
geonetric neans by nonth with confidence bounds. Considering the
nunbers of observations represented, the nodels appear to fit
well for so few paraneters. Notice the slight decreasing trend
in each response over tinme. The nost drastic decrease was
observed for air-lead |l evels. One obvious reason for this would
be the coincident reduction in use of |eaded gasoline in
aut onobi | es.

Figure 9 displays the nodel ed seasonal conponents of
variation for the five responses overlaid for conparison. Each
curve has been adjusted for trend effects. This figure allows
direct conparison of the phase and magnitude of the estinmated
seasonal conponents between the four nodel ed nedia. The
fluctuati ons observed in blood were |larger than those observed in
the environnental neasures, but were simlar in phase to
fluctuations of lead in floor dust, furniture dust, and air.

W ndow sill dust | ead was predicted to reach its peak 4 to 5
nmont hs after bl ood | ead.

4.5 MODELING RESULTS FOR BLOOD LEAD AFTER
ADJUSTING FOR ENVIRONMENTAL FACTORS

The extent to which levels of |lead in bl ood were

correlated wwth levels of lead in the environnent was al so

eval uated. Each of the neasured environnmental nedia were

included in a nodel, along with date of birth and age effects,

and a class nonth effect to eval uate seasonal rhythns in bl ood-

|l ead |l evels. This nodel is described in detail in Section 3.5.
Wher eas the seasonal conponent of variation in blood

| ead was significant before adjusting for the linear effects of

the environnental neasures (Wth class nonth effect, p=<.0001),

it was not significant after adjusting for these effects

(p=.1148). The significant predictive factors in this nodel were
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fl oor dust |lead, and age of the child. The effect of soil |ead
on blood | ead was marginally significant. Recall that only
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Figure 9. Estimated seasonal component of blood and
environmental lead levels, overlaid.

average levels of lead in soil and water were avail able for each
chi |l d.

Since the remaining environnental nedia were not
observed as significant, a nodel was fit with age and date of
birth and the significant environnmental factors. Under the
smal l er nodel, there remained a significant nonth effect. Upon
further investigation, it was found that adjusting for air-|ead
levels in addition to floor dust and soil | ead | evels reduces
the nonthly conmponent of variation fromvery significant to
marginally significant. Table 9 displays the results of the

final nodel fit. Thus, nmuch, but not all, of the seasonal
variation in these blood-lead | evels can be attributed to
variations in floor dust |ead, soil lead, and air | ead.
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One nust realize that the fact that certain
environmental factors were observed to be statistically
significant in these nodels does not necessarily nean that there
is a causal relationship. For exanple, just because floor dust-
| ead | evel s were observed as a highly significant effect in
predicting blood-1ead | evels, one cannot conclude that seasonal
increases in floor dust-lead | evels cause correspondi ng i ncreases
in blood | ead.

TABLE 9. RESULTS OF FITTING MIXED ANOVA MODEL WITH CYCLIC
SEASONAL COMPONENTS TO BLOOD MEASURES ADJUSTING
FOR ENVIRONMENTS LEAD MEASURES

Response Fact or Esti mat e Std. Error Si gni fi cance

Bl ood- I nt er cept $, -0.071 0. 539

| ead

(463 Date of Birth $, 0.013 0. 015 0.3779

os. )
Age $, 0. 046 0. 010 <0. 0001
Fl oor Dust Lead ", 0. 320 0. 063 <0. 0001
Soil Lead "o 0. 115 0. 063 0. 0677
Air Lead " 0. 049 0. 060 0. 4099
Month (12 | evel class variable) 0.1047

5.0 DISCUSSION

The magni tude of the seasonal variation observed in
these data is substantial. The reader is rem nded that for this
study, blood- and environnental -l ead | evels were neasured on
these children every six nonths at best. To detect a cyclic
conponent, one nust observe levels which are systematically
hi gher at one tine during the year than at another. Since base
bl ood-l ead | evels vary substantially across children, it is best
to exam ne repeated neasures on the sane child. However, if the
cyclic conponent were sinply sinusoidal, the greatest within
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child contrasts would be observed (in this study) for children
born in the nonth with the highest or | owest seasonal conponent
of variation. For exanple, if the seasonal variation was such
that the | owest value occurred in January, and the highest val ue
occurred in July, then children born in January or July woul d
have the best chance of exhibiting major seasonal deviations if
they were sanpled at 0, 6, 12, 18, and 24 nont hs of age.

Figures 10 and 11 illustrate this phenomenon for children born in
January and July. Figure 10 displays the observed bl ood-I|ead

|l evels for five selected children born in January. Figure 11

di spl ays bl ood-l1ead |l evels for five other children born in July.
These figures illustrate the type of variation in bl ood-I|ead

| evel s experienced by the children studied. Because neasures
were only taken six nonths apart, January and July were chosen
because they portray the greatest seasonal contrasts.

However, if a child was born in April or October the
actual differences in the blood-lead levels at the tines
measur ed, due to seasonal variation, would be near zero. Plots
of these levels would be nore flat. These children would provide
little added value in estimting the nagnitude of seasonal
vari ation. Moreover, since neasures are taken six nonths apart
it is difficult to estimate the paraneters of higher-order cyclic
conponents. Thus, if feasible, nonthly or quarterly neasures
woul d provide much better information about seasonal variation
fromchildren not born in nonths where the maxi nrum or m ni mum
occurs.

The reader is also rem nded that the use of |eaded
gasol i ne was being phased out during the tine this study was
conducted. It is possible that | eaded gasoline was the source of
much of the lead in the environnent - particularly in the air.
Since nore travelling is done in the summer than in the w nter,
changes in em ssions from| eaded gasoline may have been a
significant contributor to the observed seasonal variations in
environnental |ead |evels. Today, the use of |eaded gasoline has
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been virtually elimnated. Therefore, seasonal variations may be
| ess pronounced today.
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Figure 10. Blood-lead levels for five selected children
born In January.
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Figure 11. Blood-lead levels for five selected children
born in July.
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6.0 CONCLUSIONS AND RECOMMENDATIONS

This report sunmari zed an anal ysis of seasonal rhythns
in blood-lead levels for a | ongitudinal study of blood- and
environnental -1ead | evels on 250 children sanpled in Boston
bet ween 1979 and 1983. The follow ng concl usions were arrived
at :

e There was evidence of significant seasonal variation
in both blood- and environnental -l ead | evels observed
in this study.

® lLead levels in blood, air, floor dust, and furniture
dust were typically highest in the sunmer and | owest
inthe late winter.

e Mich of the nodel ed cyclic seasonal variability in
bl ood-1ead | evel s was expl ai ned by adjusting for the
effects of environnmental |ead, specifically in floor
dust and air.

The magni tude of the seasonal conponent of variation in
bl ood | ead was estimated to be 0.93 on a log scale. This
corresponds to a nmultiplicative increase of 2.54 in bl ood-| ead
during late June over levels in early March for the sane child.
Thus for a child with bl ood-1ead concentration nmeasured in Mrch
of 2.9 pg/dl, the predicted level in June would be about
7.4 ug/dl.

| f such a seasonal conponent of variation is confirned
to exist in blood-lead | evels today, it could have a nmjor inpact
on the devel opnent of health-based standards and the setting of
warning levels. Specifically, it would suggest the need to take
into account the nonth of the year in determ ning whether a child
is at risk. The results of this study suggest that a | ower
bl ood-l ead threshold should be used in February than in July,
because a child with a margi nal blood-lead level in the winter is
anticipated to have a nmuch higher level in the sumer.
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Al though the results of this study show evi dence of a
| arge cyclic conmponent of variation in blood and environnent al
| ead |l evels, the reader nmust recognize that the children observed
all lived in Boston in the early 1980s. The results suggest that
seasonal variations can be very large in magnitude. However,
before attenpting to adjust health-based standards or bl ood-| ead
| evel s considered to be a health risk, nore current
i nvestigations covering a broader popul ati on base over nore
vari ed geographi c and soci o-econom ¢ conditions should be
performed. Also, to better understand the nature of seasona
bl ood-1 ead variation, nore frequent neasures should be taken on
each child. Specifically, it would be of greater value in the
assessnment of seasonal rhythns in blood | ead to sanple fewer
children at nore tinme points than to sanple nore chil dren at
fewer tinme points.
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