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Abstract in Hebrew

mavm YpI
IUND NIND IRV INNYNA NN Y2VIN 21792 IRIZND ONIYYA GTIV DY NINT PNINKD NWYN ToNNa
NMYNY (1) 191 SNONN AIPNNRN Y INTVN .NPMIPNI NOYYND PNX DINTD DN NIRIVNNI YN
DYINX DNINND DNHIIN DY NN Y1992 DXININNDD OF 79NN 2P MTAD MONN HY D3I
.12>20N0 MBVYNI MONNN P11 P2 IWPN DX TIVND (2)-) DN
MmLIY
TMOIVIN HH3Y BT NN DPADNT (NI TI) DVTN TIT PR DY DTN XMWY DDA DY PN IPNHN
YNV, NIN MIMIPNN Y92 DT DMINNN OT MDNN DY ORIPN DX TH 1YY IPNNN NMDIZIIN IR
1LY NYXIA NITN .NIND DINNK DXNIRD D NN NN X1 NIND DN : NMIPOY MOV
MNI2D NPNINDN NTAVN IPTAN KU DTN NIDNT IOONI . IMIWYN-IN2 X7 DY DTN MY
INY PN DNINIAN TN OY YTMN NIPINN NN MNP DNINND I D3NINN MINI NN
90 NXINN 1T ,(NO2) %800 17 1790 1995 DRNYIN .1DINDN NVIN NVNN T-5Y 1MW)
- PM10) 2vp2 10715 2.5-3 10-H 1INS 912 0 pon (CO) yanan nsmnn 10 ,(03) pnx ,(SO2)
(PM2.5
DNNYNN .JII0 ONNND NITY VTN NN DINT 2NN NTIYN NN P2 DMINWN TN DIVPN NN
35 .ratio t-test NIV NNWYI YIN DY DN P2 DINN YWY DT NONN 231D DY NINWNI TNN
NYOY) NYOIY PP L0920 PN NNITYDY,IONNI-ND MO NYNNYN ,NIRNYNIN IR PPN NIVNI )0
0D P2 DIWP N D) PYNIN-NY PO DY NIV NYHNNYN .(ppb 1.0<DPNOTP T HY 1IN
IPNNN YNV WP DY NITYY,)PIXD 2IWN DY PN, DN0 IPN TIN 072 MONN MK P2 0»NII0
ONDD WP DY KDY YODOVVD WP HY P WIANN PNONN
MINSD
MONNT 4 MY IPTI NMNT 911 ION TINHD MDNT 6230 NIDN,2022 INII29 - 2020 ©IN ToNNI
11°5551 NOWYIING ©IYT PN MONNN P12 .(Pb) n19w (Cr) o115 ,(Cd) DrnTp ,(As) 10IN)
P97 CI 95%-1 D»IVMIND DIWXIND NYYIY ,NNPNI

As(ug/L): 0.53(0.50; 0.57), Cd(ng/L): 0.22 (0.21; 0.24) , Cr(ng/L): 0.98 (0.95; 1.02), Pb(ugsdL):

6.68 .(7.00 ; 6.37)

OYDNNN INYHD DINN TN P NN 19NN NN POV ITHN 9% DY NNYN MONNM 217 71D
NIN2
Cd (p-- As (p-value<0.001) S 9101 N1 MBI PN NN Y19 NN DININHN DIPNND
.Pb -1 Cr bw 7ny mmiay mn 1 ,ONIwa DNNNN IRWDY NXNIWNA value=0.029)
N192 °2WIN 2972 (10%-8% Y¥ 1120 NODIN) 1.08-1.10 Y9 DX112) 11 NN MONNN YW DN
1.15-11.13>9 ©>M2) 1 Pb-) Cr .(Cr M2y 0.067 S 1°912) MPN2IMN DY) NIRD IRV TWND NN
NINI NN NN XY TN ,NN X1 NN DT MINY N N1Y (15%-13% YW NP0 NADIN)
,2230 DONIPINNT DXMINNIT MNXXIN DN DINRINNN DI .(0.004-5 OMNY MPN2IN YTV DY DNMIY)
YN TN

11277 NN 1729 NNIYIY 7PDNI NYHNYN ,DT2 NINN OTIDMD DOIWAN MNPR TT2Y NIvNa
D97M) DT MINN HY NNINN INN IX DININ ND NN NDNTH MNI NIV YN MINWN) NONNN
NDY 7292 D»VDVLVLD DIVP DY IWIANT NMINPIN MIRKIN YV PH 929 PN 9Iim (010N YNo2

: ¥ MNMN DY MRHIND PND .0»NDD OWP

SO2-1 CO PM,, oy mwp mn Pb, (p-value<0.001) NO, by >apn oxNn2 11 As 711D -

.(NMNNN2,<0.001-10.013 ,<0.001 MPN2IN DY)
.(p-value=0.014) 072 Pb »1151Y NP NN MIAXNNY NP =
mpon
,Pb -y Cr 5w mmay mn12y,Cd-r As YW M1 NI DNIND NN XI9N IMNINRD DT 9NN
MIAXNNY 1N 2P 1INNNY DOV O’ Pb 711577 DY DINNN . NIND INYNI DNIND INNIYN2
INSD) PNX OINN MNI 55 1981 .SO,- CO PM,, 5W 90y mmiay mnid omwn nnd
D72 MONNHN P MNYP

APNND VNN MEINN
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Abstract in English

Background and objectives. During the last decade, higher morbidity rates have been
reported among Haifa residents as compared to the rest of the country, possibly contributed
by air pollution from local industries. This study was aimed (1) to compare concentrations of
heavy metals in blood among blood donors residing in Haifa Bay with donors from other
regions in Israel and (2) to estimate the association between the metals’ concentrations and
ambient exposures.
Methods. The study design was developed on the platform of the Magen David Adom
(MDA) Blood Services, providing a supply of blood units to the entire population of Israel.
The study population comprised a random sample of blood donors donating blood at all
locations in the country, stratified by their location, i.e., from the Haifa Bay or non-Haifa Bay
area. The sampling was performed at the headquarters of the MDA Blood Services. The
samples of whole blood were tested at the National Laboratory of Public Health. The donors’
residential addresses and donations sites’ locations were geocoded and merged with the levels
of pollutants recorded by the nearby monitoring stations. Pollutants included nitrogen dioxide
(NOy), sulfate dioxide (SO2), ozone (Os), carbon monoxide (CO) and particulate matter of
size <10 and 2.5mm in diameter (PM1o & PMz5s).
We used Spearman correlation coefficient to estimate the correlation between metals’
concentration and ambient pollutants. Metals’ concentrations were statistically compared
between geographical areas in Israel using a ratio t-test. We used a log-normal regression, to
adjust to age, gender and smoking (defined by Cadmium>1.0ug/L). The same approach of
log-normal regression was used for estimating the independent contribution of environmental
pollution to the variation of metals’ concentrations, after adjustment to age, gender and
smoking. Important to note that all associations established in the current analyses are
statistical, and do not indicate a causality between the analyzed factors.
Results. During Mar 2020 - Feb 2022, we collected 6230 samples and out of these, 911
samples have been tested for the 4 metals (arsenic (As), cadmium (Cd), chromium (Cr) and
lead (Pb)). The metals’ concentrations were comparable to the general population in Europe,
with geometric means and 95%CI as follows: As(ug/L): 0.53 (0.50; 0.57), Cd(ug/L): 0.22
(0.21; 0.24), Cr(ug/L): 0.98 (0.95; 1.02), Pb(ug/dL): 6.68 (6.37; 7.00). Age, gender and
smoking modified concentrations of most of the metals.
Donors residing in the Haifa Bay area had lower levels of As (p-value<0.001) and Cd (p-
value=0.029) as compared to the rest of the donors in Israel, and higher levels of Cr and Pb.
These metals appeared to be 1.08-1.10 times higher among Haifa Bay residents than in the
rest of the country (with borderline significance of 0.067 for Cr). Cr and Pb were 1.13 and
1.15 times higher for those who donated blood in the Haifa Bay region, but not necessarily
resided in the area (both p-values equal 0.004). All analyses were adjusted to age, sex and
smoking.
To estimate the possible contribution of environmental pollution to metals’ concentrations in
blood, we regressed the metal concentrations in blood (dependent variable) over each of the
environmental factors (independent variable) while adjusting all associations to age, gender
and smoking. The findings indicated only the statistical associations, and cannot be
interpreted as causal. The following are the findings from this analysis:

- As concentrations were positively associated with NO> (p-value<0.001) and Pb - with

PM3o, CO and SO- (p-values, <0.001, 0.013 and <0.001, respectively).
- Proximity to quarries was associated with Pb concentrations in blood (p-value=
0.014).
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Conclusions. Blood donors from Haifa Bay area are featured by low levels of As and Cd, and
by high levels of Cr and Pb, as compared to the rest of the country. Donors with high Pb
concentrations are likely to live close to quarries and be exposed to higher levels of PMio, CO
and SO,. An association between ambient levels of pollution and internal metals’
concentrations, reaffirms the link between the two in the pathological pathway from air
pollution to morbidity.

Recommended research in future. An extensive investigation of industries in Haifa Bay and
other areas in the country featured by high levels of metals is warranted and will be conducted
by the study researchers. Additionally, testing of the remaining samples collected in the study
seems to be of highest importance and potential to reveal possible sources of exposure and
prompt their elimination in future. Association of morbidity rates with Cr and Pb exposure in
Haifa Bay area, should be explored.
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Scientific Background

During the last decade, investigators have reported increased rates of cancer, respiratory
illnesses and adverse birth outcome among Haifa residents [1-3]. In 2015, following multiple
reports on the excessive morbidity levels in Haifa Bay area, the Ministry of Health issued a
position paper warranting mitigation of air pollution levels in the region and investigation of
the impact of environment on health at individual level of residents[4]. The latter was
recommended to perform with individually verified exposures, as opposed to the ecologic
nature of the initial investigations in the area.

The most widely used approach in assessing human exposure is based on the semi-ecological
studies where the exposures measured in the certain geographical areas are assigned to the
subjects' addresses as an estimate of the individual exposure. The underlying assumption in
these studies, is that ambient pollution is a valid proxy of the true internal levels of exposure.
Nevertheless, the ambient exposure is frequently confounded by socio-economic status,
occupation, smoking and other factors, that are hard to account for in a standard analysis,
resulting in residual confounding and spurious or biased associations.

Alternatively, human biomonitoring (HBM) provides a direct personal assessment of external
exposures at the time of sampling and has become the ‘‘gold standard’’ for the
characterization of chemical exposure [5, 6]. Metals concentrations in human fluids are
expected to reliably reveal the unwanted environmental exposures, and therefore are
frequently tested by HBM. The main drawback of HBM is clearly its laboratory cost and
complicated logistics required for recruitment and sampling. Some tests are invasive adding
to HBM limitations [6]. As a result, HBM cycles are frequently limited to annual or bi-annual
cycles.

European countries have initiated similar programs separately in each country and lately,
joined their efforts in projects like HBM4EU [7] and Partnership for the Assessment of Risks
from Chemicals (PARC)[8] bringing together nearly 200 partners from up to 30 countries in
attempt to generate knowledge on population exposures to chemicals and their safe
management in Europe.

In Israel, the Ministry of Health conducted a biomonitoring study (HBS) in 2011 involving
250 adults [9-13] and assessed exposure to bisphenol A, organophosphate pesticides,
phthalates, cotinine, polycyclic aromatic hydrocarbons, and the phytoestrogenic compounds,
genistein, and daidzein, based on analysis of spot urine samples. A National Health and
Nutrition Study (MABAT) was another attempt of ongoing surveillance in Israel [14].

The HBM projects are usually expensive, labor intensive and therefore, result in spatially and
temporally low-density sampling of the population. To meet the study objective of comparing
Haifa Bay residents to the general population, we proposed establishing a framework for a
national HBM survey, based on blood donations collected and processed on a daily basis by
the Magen David Adom (MDA) National Blood Services located in Tel-Hashomer, Israel.
The MDA is responsible for collection, processing, testing and distribution of blood products
throughout the country (https://www.mdais.org/en/n-b-s/mda-national-blood-services). The
MDA donors' population comprises non-paid volunteers, 78% being Israeli natives, 75% are
17-40 years old males. Ninety (90) percent of blood donors are recruited by MDA Mobil
Units in schools, factories, community centers and army camps and the other 10% - in fixed-
sites donor rooms at MDA first-aid stations all over Israel. The daily count of blood donations
handled by MDA is close to 1000 samples.



https://www.mdais.org/en/n-b-s/mda-national-blood-services

Study objectives

In the current study, we aimed to compare concentrations of heavy metals in blood of Haifa
Bay residents to residents in other regions in Israel. Specifically, we sought to develop a
geographically representative sampling of the blood donations, on which this comparison
could be performed. Furthermore, we aimed to estimate the association between the
biomarkers and ambient environmental exposures, relying on the location of the blood
donation collection as a proxy for a short-term exposure and permanent address of the donor —
for a long-term exposure.

Methods

The methodology of the current study has been described elsewhere [15]. Briefly, the study
population comprised a random sample of blood donors donating blood at all locations in
Israel during 5 working days of a week, and stratified only by their location, i.e., from the
Haifa Bay or non-Haifa Bay area. Donors not agreeing to their donation being used for
research, as well as donors at military bases, were not included in the sample.

The sampling procedure was performed at the headquarters of the MDA Blood Services at the
Tel-Hashomer once in 2-3 days during the span of 25 months, Feb 2020-Feb 2022. A test tube
of whole blood of each chosen sample left over from the routine testing procedure was frozen
in -80°C freezer until testing. In all, we planned to collect up to 4800 samples and test 20% of
them. The testing procedure was performed at the National Laboratory of Public Health.

To account for smoking habit, we tested a sample of 45 blood donors for Cotinine. When
further compared the results to Cd readings, in attempt of classifying smoking based on Cd
testing alone.

Environmental Exposures

To link blood collection locations (for short-term exposures and working places) and donors
addresses of residence (for long-term exposures) with ambient exposures, the geographical
data on locations and addresses was geocoded using ESRI ArcMap. Data on pollutants, i.e.
nitrogen dioxide (NO>), sulfate dioxide (SO), ozone (Os), carbon monoxide (CO), PMs,
PMyo, and relative humidity (%) and air temperature were obtained from all the monitoring
station managed by the Ministry of Environmental Protection spread throughout Israel.
Throughout Israel we used 122 stations for NO2, 92 stations for SO, 14 for CO, 44 for PMyy,
75 for PM;s, 57 for relative humidity and 64 for temperature. For each donor we chose 5
closest stations recording a relevant environmental factor within 20km of his/her donating site
or residence town location. The ambient pollution values were further averaged for the date of
donation.

At a later stage, exposure to PM2s, PMgand air temperature (°C) will be defined using
hybrid satellite-based exposure models[16]. Their estimates normally take two years to obtain
(since our last enrollment in Mar 2022) and depend on the data release schedule of NASA
database. This approach provides with accurate estimates of exposure at a grid of 1x1 km2and
has a potential to prevent a selection bias, when assigning exposure to locations without
monitoring stations in vicinity.



Data processing

We compared the Haifa Bay area donors with the general population of non-Haifa Bay area
donors, in terms of their main demographic characteristics, using standard statistical methods,
i.e., mean % sd, median, 95% confidence intervals, Chi-square, t and non-parametric tests.
The biomonitoring data was further described by geometric mean, minimum and maximum.
The description was provided separately for main geographical locations and the main
municipalities in Israel. Biomarker readings by regions were compared by ratio t-test. The
association between ambient environmental exposures and biomarker readings was analyzed
using a log-normal regression, whereas the biomarker was the predicted outcome in the
regression and ambient exposure - as the main independent variable. The analysis was
adjusted to all possible confounders recorded in the database. Prevalence ratio (PR)
represented the main point estimate of association at study, showing a multiplicative effect of
risk factor on metals concentrations. The levels of metals adjusted to age, gender and smoking
were displayed on a map, in a form of a ratio of observed concentrations over expected by a
model.

Environmental chemicals for testing

Following the guidelines issued by the Ministry of Environmental Protection in Israel
("Regulations on Clean Air", 2008), [17] there is a public urgency for testing Cadmium (Cd),
Lead (Pb) and Arsenic (As), as a part of human biomonitoring; whereas Cd and Pb, might
indicate exposure to transport, and As — to industry. Additionally, Chromium (Cr) has been
indicated as a possible hazardous exposure featuring the Haifa Bay area. All the four
chemicals have been defined as carcinogenic to human by International Agency for Research
on Cancer (IARC)[18]. The half-life of metals’ concentrations in blood is often measured in
months. Specifically, the half-life for Pb with half-life of 28-36 days [19, 20], followed by Cd
and Cr — with about 40 months [21-23], and only for As the half-life is measured in 10-20
hours [24].

Results

Enrollment

The enrollment of samples started in March 2020 and was finalized 24 months later, in
February 2022. In all, we collected close to 6230 samples and out of these, 916 samples were
sent to the laboratory and 911 were successfully tested for the 4 selected metals. The
enrollment numbers exceeded those stated in the proposal, where we planned to collect 4800
samples and testing 900. Figure 1 shows the final enrollment log of samples’ collection in the
study. The bars in blue colors are assigned to donors from Haifa Bay (HB) locations, while
the brown colored bars stand for all other non-Haifa Bay (NHB) regions in Israel. Bars in
dark colors show samples that were tested and lighter bars — samples that were only collected.
The expected counts of enrollment were 18.75 and 100 samples per month in each of the HB
and NHB regions, for tested and collected samples, respectively.

The enrollment log demonstrates an even temporal coverage of the 14 months between Sep
2020-Oct 2021. The gaps in samples collection during the first 6 months of the study are
mostly explained by the logistic obstacles in enrollment at the very beginning of the COVID-
19 pandemic, that started with the beginning of the project. The active testing of samples has
been finalized by Nov 2021, owing to the high enrollment rate in general.
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samples has been verified yThe report will focus on the information recorded for the subset of
911 samples that were tested. This group represents a random subset of the 6230 donors.
The spatial coverage of the samples is reflected in figure 2 showing the locations of 911
samples tested to metals, whereas the blue dots are assigned to donations’ sites and red — to
the donors’ residential addresses. The map demonstrates a good spatial distribution of the
samples, although the Southern part of Israel accounting for approximately 1min residents
(1/10 of the entire population in the country) seems somewhat underrepresented. This can be
explained by the main focus of the current analysis being on the northern part of the country.
Figure 2. Spatial distribution of tested samples in the study, by location of residence and
donation site
Red — location of blood donors’

residence
Blue- location of donation sites

L
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Figure 1. Enroliment log over the study period
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In the analysis, we inspect both types of locations while the residence location is deemed to
reflect a cumulative chronic exposure and the donation site — a more recent short-term
exposure. In most cases the geographic area of residence and donation site did not vary. Half
of the donors in Haifa Bay lived less than 3.7 km from their donation site. The largest
distance was in Gush Dan area, featured by median distance of 3.9 km between the two

locations.

Table 1. Residential location of the blood donors and geographical location of donation sites

Median distance

Geographic Area Residence Donation site Both in the same area betwgen d_onation site and
(N=911) (N=911) (N=911) residential address, by
residential location, km
Haifa Bay 40.8 (369/905) 41.9 (347/829) 39.8 (329/827) 3.7
Gush Dan 20.7 (187/905) 24.7 (205/829) 17.7 (146/827) 3.9
Jerusalem 4.8 (44/905) 5.8 (48/829) 3.9 (32/827) 1.6
All other regions 33.7 (305/905) 27.6 (229/829) 23.6 (195/827) 2.6

Defining smoking status based on the Cadmium levels

Smoking is an important contributor to high levels of metals in blood, especially to the levels
of Cadmium. As smoking habit is not reported on the donors’ questionnaire, the smoking
status had to be assumed or modeled based on other possible proxies available for the
analysis.. In the following analysis we explored the association between Cotinine and
Cadmium in attempt to classify smokers based on Cadmium levels alone when Cotinine test is
not available. A threshold of Cd>1ug/L has been derived by Schulz et al in 2011, based on a
German HBM survey [25]. This rule, however, required validation in the Israeli sample of
donors. For this purpose, we tested a sub-sample of 45 blood donors for both biomarkers, and
further suggested a rule for determining a smoking status based on Cd values alone. A
threshold for defining smoking status was obtained based on Receiver Operating
Characteristic (ROC) Curve analysis and maximal Youden index. To collect more
information on potential smokers, we artificially ensured the number of donors with
Cd>1pg/L in the training subsample to be 20%, by a random sample of 9 subjects with
Cd>1pg/L and all the rest being randomly sampled from a stratum with Cd<1lug/L.

The geometric mean (GM) of Cotinine was 0.88 ppb, with 95%CI: 0.30; 2.54. The lowest
values of Cotinine in the sample were at the level below detection and the maximal value was
equal 295.6ppb. It has been shown by others, that smokers rarely test lower than 10ppb [26]
On the other hand, a threshold of 100ppb for Cotinine in blood has been more frequently used
for active smokers [27-29]. Therefore, the higher threshold of 100ppb was used to determine a
smoking status.. In all. 15.6% (7/45) of the sample chosen for this analysis had
Cotinine>100ppb.

Cadmium appeared to be a good biomarker for smoking with a high potential to correctly

discriminate between smokers and non-smokers, with a Receiver Operating Characteristic
(ROC) Curve featured by the area under the curve (AUC)=0.831 (Figure 3).

11
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Figure 3: Receiver Operating Characteristic (ROC) Curve for classifying smokers based on
the Cadmium concentrations in blood donors (n=45)

ROC Curve for Cd
Area Under the Curve = 08308
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The distribution of Cadmium among smokers (donors with Cotinine>100ppb) was
substantially different from non-smokers, as it appears in Table 2 and Figure 4 below.

Table 2. Distribution of Cadmium concentrations among blood donors, by their smoking
status

Cadmium, pg/L

Percentiles
Status by .
Cotinine>100pph Min; Max Mean

1st | 5th | 10th | 25th | Median | 75th | 90th | 95th | 99th
Non-smokers (n=38) | 0.07; 1.80 0.41+0.42 | 0.07 | 0.07 { 0.10 | 0.18 | 0.24 0.43 |1.27 | 1.57 | 1.80

Smokers (n=7) 0.22;3.43 1.55+1.15|0.23 | 0.23 | 0.23 | 0.26 | 1.65 2.30 [ 3.43 343|343

Figure 4. Distribution of Cadmium concentrations (ug/L) by smoking status (n=45)
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Based on the findings above a cut off at Cadmium>1pug/L will provide a Sensitivity (Se)=

71.4% (5/7) and Specificity (Sp)= 89.5% (34/38) in defining a smoker.

To add a degree of likelihood to the definition of smokers in the analysis, we will consider
using a predicted chance of a donor to be a smoker, a by-product of the ROC curve analysis
presented earlier. This approach is expected to yield a better adjustment to a donor’s personal

exposure. The likelihood of a donor to be a smoker in the study population is (meanxsd)
0.08+0.11 within the range of 0.03; 0.99. The estimate of 8% of smoking in the study

population is lower than the prevalence of smoking in general population in Israel. According
to the national survey conducted in 2011, the overall active smoking rate in the adult (21
years and older) population based on self-report, was 20.6%][30].

Study population

The main thrust of the study was the comparison of metal concentrations between donors

from Haifa Bay with other geographic regions in Israel. This comparison can be meaningful
if the donors from different regions are similar on their potentially confounding
characteristics, and/or adjusted to those confounders in case of imbalance between the study

groups.

From inspection of table 3, donors in Haifa Bay and Gush Dan areas are older by
approximately 3 years as compared to the donors in Jerusalem and other regions in Israel (p-
value<0.05). In Haifa Bay area, half of the donors are younger than 34.7 years as compared to
29.8-33.0 years in other areas. The distribution of gender and smoking status (defined by
Cd<1 pg/L) was similar across the geographic areas.

Table 3. Demographic characteristics of the tested samples, by town of residence

p-value for comparing

Donors’ characteristics Haifa Bay Gush Dan Jerusalem All other regions
(N=369) (N=187) (N=44) (N=305) All Haifa Bay
regions vs. others
Age, years
Mean=SD (n) 37.0+13.6 (369) | 37.3+14.5(187) | 33.7+13.4 (44) | 34.1+13.6 (305)
Median 34.7 33.0 30.2 29.8 0.015 0.046
Min; Max 17.6,71.4 18.1;79.3 18.2; 67.9 17.5;71.3
Age grouped, years %
(”/2\25 50.1 (185/369) | 54.0 (101/187) 59.1 (26/44) 58.0 (177/305)
3560 42.8 (158/369) 37.4 (70/187) 34.1 (15/44) 37.4 (114/305) 0.307 0.149
60+ 7.1 (26/369) 8.6 (16/187) 6.8 (3/44) 4.6 (14/305)
Males, % (n/N) 63.4 (234/369) | 59.9 (112/187) 70.5 (31/44) 65.3 (199/305) 0.500 0.904
;)e?r'm)g in Arabic town, 0.0 (0/369) 0.0 (0/187) 0.0 (0/44) 13.1 (40/305) | <0.001 <0.001
Smoker (based on Cd>0.6
Lg/L), % (n/N) 11.4 (42/369) 10.7 (20/187) 13.6 (6/44) 12.5 (38/305) 0.908 0.798

The concentrations of metals in the blood donors’ population in Israel (table 4) are
comparable to the general population sampled for the biomonitoring surveys in Europe over

the last two decades ([31, 32]), and on a lower side with respect to Pb.
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Table 4. Metals’ concentrations by demographic characteristics
HBM4U[32]
. Medians of
Metal GM (95%Cl) | Median | Min; Max ;Sdl\éllst;)n[gllciod for BU concentrations in
surveys using whole
blood matrix
_ . . Minimal GM: 0.50 Minimal median: 0.62
As, Hg/L (As) (n=011) | 0.53 (0.50;0.57) | 0.55 | 0.07;5.65 |- .o 2nr ~2) Maximal median: 1.61
_ . . Minimal GM: 0.28 Minimal median: 0.15
Cd, pg/L (Cd) (n=911) | 0.22 (0.21;0.24) | 022 | 0.001;385 |\ .o 2hr e Maximal median: 0.60
Cr, ug/L (Cr) (n=910) | 0.98 (0.95;1.02) | 0.13 1.05; 8.55 |Not in the report Not in the report
_ . . Minimal GM: 9.5 Minimal median: 9.9
Pb, pg/dL (Pb) (n=911)| 6.68 (6.37;7.00) | 7.05 | 0.07;51.06 |x2 o = 2 vr o2 Maximal median: 41.3
In the following analysis we inspect the possible differences in metals concentrations by
gender and age (Table 5). This is followed by a visual illustration of the same comparisons
(Figure 5).
Table 5: Metals concentrations by gender and age. Results of a univariable analysis.
As: GMs (95%Cl) Females (N=332) Males (N=579) Total p-value
<35 (N=495) 0.48 (0.42; 0.55) 0.57 (0.52; 0.63) 0.54 (0.49; 0.58) 0.818
35-60 (N=357) 0.43 (0.36; 0.52) 0.57 (0.51; 0.65) 0.52 (0.47; 0.58)
60+ (N=59) 0.65 (0.47; 0.90) 0.57 (0.42; 0.78) 0.60 (0.48; 0.76)
Total 0.47 (0.42; 0.53) 0.57 (0.53; 0.62)
p-value 0.004
Cd: GMs (95%Cl)
<35 (N=495) 0.21 (0.19; 0.24) 0.19 (0.17; 0.21) 0.20 (0.18; 0.22) <0.001
35-60 (N=357) 0.27 (0.24; 0.30) 0.23 (0.21; 0.69) 0.25 (0.23; 0.27)
60+ (N=59) 0.34 (0.27; 0.44) 0.36 (0.28; 0.46) 0.35 (0.30; 0.42)
Total 0.24 (0.22; 0.26) 0.22 (0.20; 0.23)
p-value 0.077
Cr: GMs (95%Cl) Females (N=329) Males (N=558) Total p-value
<35 (N=495) 0.99 (0.91; 1.08) 0.97 (0.91; 1.04) 0.98 (0.93; 1.03) 0.866
35-60 (N=357) 0.97 (0.87; 1.08) 1.01 (0.93; 1.09) 0.99 (0.93; 1.06)
60+ (N=59) 0.82 (0.65; 1.03) 1.09 (0.89; 1.33) 0.97 (0.83; 1.14)
Total 0.97 (0.91; 1.03) 0.99 (0.94; 1.04)
p-value 0.586
Pb: GMs (95%Cl)
<35 (N=495) 5.05 (4.58; 5.57) 6.59 (6.05; 7.17) 5.98 (5.60; 6.39) <0.001
35-60 (N=357) 6.52 (5.79; 7.35) 7.75 (7.09; 8.47) 7.29 (6.78; 7.83)
60+ (N=59) 8.69 (7.08; 10.66) 10.86 (8.81; 13.37) 9.95 (8.55; 11.59)
Total 5.79 (5.38; 6.23) 7.25 (6.82; 7.70)
p-value <0.001
14
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Figure 5. Metals concentrations, by gender and age. Results of a univariable analysis®
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! Male participants are shown in blue color and female — in purple. The shaded area around the curves
represents its 95%CI.

With respect to age, shown previously to be statistically higher among Haifa Bay donors, we
may conclude that Cd and Pb are the two elements that tend to be higher with age. The same
might be true for As, however, the trend was not statistically significant. Cr element is likely
to change over time, but increasing for males and decreasing for females, and hence its
overall change appears to be not significant, although also the interaction between age and
gender. These findings warrant for age-adjustment in future comparisons of metals between
Haifa Bay and non-Haifa Bay donors.

Even though gender appears to have an impact on the metals’ concentrations, usually higher
for males than for females (As, Cd and Pb), its distribution did not vary between the regions
and hence, adjustment to it is not required in future analysis.

Metals concentrations by geographic area

Figures 6a,b demonstrate the geographic distribution of metals’ concentration among donors,
adjusted to age, gender and smoking predicted probability. The points in more intense red
colors assigned to values higher than 1 and more intense green for values below. Figures 7a,b
statistically compare the donors from the Haifa Bay region to the rest of the country.
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Figure 6a. Point heatmap of ratios of metals’ concentrations observed over concentrations
expected based on age, gender and smoking status of the donors, by residence location
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Figure 6b. Point heatmap of ratios of metals’ concentrations observed over concentrations
expected based on age, gender and smoking status of the donors, by donation site
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Figure 7a. Metals’ concentrations by area of residence
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Gush Dan: 0.95 (0.87; 1.04)

Haifa Bay: 1.03 (0.97; 1.09)

Jerusalem: 0.79 (0.65; 0.97)

All other regions: 0.98 (0.92; 1.05)

p-value (crude comparison of HB to other regions)
=0.072

p-value (comparison of HB to other regions, adj to age,
gender and smoking) =0.067, PR=1.08

Gush Dan: 5.92 (5.18; 6.77)

Haifa Bay: 7.10 (6.68; 7.55)

Jerusalem: 6.87 (5.28; 8.94)

All other regions: 6.59 (6.10; 7.12)

p-value (crude comparison of HB to other regions)
=0.028

p-value (comparison of HB to other regions, adj to age,
gender and smoking) =0.048, PR=1.10

Donors residing in the Haifa Bay area had lower levels of As and Cd as compared to the rest
of the donors in Israel, and higher levels of Cr and Pb. The later concentrations were times
1.18 and 1.10 higher than in other regions (although with borderline significance - p-

value=0.067 for Cr), after adjusting to age and smoking.
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Gush Dan: 0.91 (0.84; 0.99)

Haifa Bay: 1.06 (1.00; 1.124)

Jerusalem: 0.97 (0.81; 1.17)

All other regions: 0.96 (0.88; 1.04)

p-value(crude comparison of HB to other
regions)=0.004

p-value(HB vs other regions, adj to age, gender and
smoking)=0.004, PR=1.13

Gush Dan: 5.46 (4.78; 6.22)

Haifa Bay: 7.18 (6.75; 7.64)

Jerusalem: 6.14 (4.97; 7.60)

All other regions: 6.93 (6.43; 7.46)

p-value(crude comparison of HB to other
regions)=0.002

p-value(HB vs other regions, adj to age, gender and
smoking)=0.004, PR=1.15

Donors donating blood in the Haifa Bay area had lower levels of As as compared to the rest of
the donors in Israel, and higher levels of Cr and Pb. The later concentrations were times 1.13

and 1.15 higher than in other regions (

with p-value=0.004 and 0.004, respectively), after controlling for age and smoking.
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External Exposures and Metals Concentrations

The next step of the analysis is aimed to reveal possible sources of exposure to metals. Here,
we will inspect external factors like ambient pollution measured by the monitoring stations, as
well as the proximity to industries working with the metals at study, also quarries and power
plants.

The following table (table 6) inspects the mixtures of metals that are likely to be found
together in one subject. We split the analysis by smoking status, to adjust for a chronic
exposure that is likely to impact the entire analysis.

Table 6. Association? between metals, by smoking status (Cd>1 ug/L)

Non-smokers (N=863) Smokers (N=48)
Cd Cr Pb Cd Cr Pb

As -0.02 -0.09 0.08 As -0.10 -0.24 0.04
(0.579) | (0.001) (0.019) (0.513) | (0.095) | (0.772)

Cd 0.03 0.37 Cd 0.11 0.07
(0.345) | (<0.001) (0.445) | (0.636)

Cr 0.27 Cr 0.01
(<0.001) (0.924)

1Spearman rho (p-value)

Among non-smokers, Pb concentrations were positively associated with Cd and Cr, indicating
a possibly mutual source of environmental pollution. Pb was also negatively correlated with
Cr.

Among smokers, we recorded a borderline positive association between As and Cd.
Concluding the table 6 above, the possible environmental mixtures not related to smoking
may contain Pb+Cd, Pb+Cr , Pb+As or As alone.

Association between ambient exposures and metals

In exploring the association between the ambient exposures and metals’ concentrations, the
important factor to be taken into consideration is the relevant window period when the air
pollution may be absorbed by the human body and become visible in blood. The analysis
below is a univariable investigation of the associations between the metals in blood and
pollutants averaged over a week and a month preceding the blood donation. In the analysis we
also differentiate between levels of pollution at the residence location of a donor and at the
place of the donation site.
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Table 7. Correlation between ambient pollutants and metals’ concentrations in blood, by
location and window period

By residence?

Rho PMa1o PM2s NO> CcO SO
p-value 7d 30d 7d 30d 7d 30d 7d 30d 7d 30d
As -.07 -.04 .00 .04 A1 A1 -.05 -.05 .00 .00
.057 278 .953 322 .001 .003 .208 .198 .964 .898
cd -.02 .01 -.05 -.02 .06 .06 -.01 -.01 .05 .06
.661 .720 167 .599 .082 .093 .831 .820 .160 .077
Cr .03 .07 -.09 -.05 -.04 -.01 -.05 .00 .05 .09
.352 .053 .015 113 .293 .672 .200 .975 .204 .012
Pb -.01 .09 -.13 -.10 -.06 -.05 .01 .04 .10 A3
.884 .012 .000 .004 .085 .189 752 .248 .005 <.001

IStatistically significant results with p-value<0.1 are shown in bold. Positive correlations are shown in red color.

By site of donation*

Rho PM1o PM2s NO2 CO SO2
p-value 7d 30d 7d 30d 7d 30d 7d 30d 7d 30d
As -.01 .04 .01 .01 .08 .08 -.04 -.01 .01 -.02
.883 241 .689 .705 .016 .016 .320 .702 .748 .653
cd -.03 -.01 .00 .01 .06 .06 .00 .01 .04 .04
470 752 .943 .798 .100 .080 .932 758 .254 .258
cr -.03 -.02 -.06 -.01 -.03 .01 -.07 .02 .03 .08
.362 .658 .074 .763 .362 .843 .063 470 .392 .027
-.06 .01 -.04 -.01 -.03 -.02 -.01 .04 .09 14
Pb .075 .790 224 .867 .376 .642 .701 .336 .016 <.001

IStatistically significant results with p-value<0.1 are shown in bold. Positive correlations are shown in red color.

From analyzing the table above, it becomes apparent that:
- exposure by site of donations does not fully reflect the real ambient exposure, as
opposed to the one measured at the donors’ residence address.
- comparison between the cumulative 7 and 30 days indicated a response of higher
magnitude in exposure averaged over the 30 preceding days rather than 7 days.
- According to these findings, the estimates of 30 days at the residential location will
be used in further analyses.

The following forest plots (figure 8) demonstrate the associations between metals and ambient
measurements using the residential address and averaging the pollution over the 30 days prior
to the donation. The ambient pollutants are expressed in intra-quartile range units. All

associations are adjusted to age, sex and smoking status (defined by predicted probability of
smoking).

Based on the findings, pollutants like PM2sand NO: , are likely to be associated with higher
concentrations of As, irrelevant of their demographic status and smoking. To be precise, an
increase of interquartile range (IQR) in PM2s was associated with a 9% and 14% increase in
As (although with only borderline significance for PMys-As link, p-value=0.062).
Conversely, PM1 and SO, and CO are more likely to be associated with higher Pb.
Specifically, increase of IQR in PMyo, CO and SO were associated with an 11%, 9%
and 10% increase in Pb.

In all cases, the associations are adjusted to age, sex and predicted probability of smoking.
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Figure 8. Association between ambient exposure at residence location and metals’

concentrations in blood

Arsenic (As)

Cadmium (Cd) among non-smokers
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donation PR 95% CI donation PR 95% Cl
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NO2, IQR —_— 1.14 (1.06; 1.23) NO2, IQR . 1.03 (0.97; 1.09)
CO,IQR —— 0.95 (0.86; 1.05) Co, IQR — 1.01 (0.94: 1.09)
502, IQR — 0.95 (0.88; 1.04) 502, IQR — - 1.04 (0.97; 1.11)
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Chromium (Cr) Lead (Pb)

Averaged Averaged

over 30d over 30d

prior to prior to

donation PR 95% CI donation PR 95% Cl
PM10, IQR —— 1.02 (0.87;1.07) PM10, IQR — 1.11 (1.05; 1.18)
PM25, IQR —a 0.97 (0.92; 1.03) PM25, IQR e e 0.92 (0.86; 0.98)
NOZ, IQR — 0.99 (0.94; 1.04) NO2, IQR e e 0.94 (0.9;1)
CO,IQR —_——— 1.02 (0.96; 1.08) CO.IQR e 1.09 (1.02; 1.17)
502, IQR —_— 1.04 (0.98; 1.09) 502, IQR —— 1.1 (1.04; 1.17)
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L All estimates are adjusted to age, sex and predicted probability of smoking, with the exception of the model of Cd
concentrations, where analysis was performed in a stratum of non-smokers, i.e. Cd<1.0 pg/L.

To estimate the possible contribution of industries to the overall environmental exposure
reflected in metals’ concentrations, we added an indication of plants and factories within the 5
km radius from the donors’ residence, to the analysis. In particular, we consulted with the
findings of the MIFLAS report prepared by the Ministry of Environmental Protection, which
helped us to identify industries working with As, Cd, Cr and Pb metals in close proximity to
the donors’ residential addresses. In the analysis, we defined exposure to industries as a
binary indication of presence of factories working with the metals at study within the 5km

radius.

All the analyses were adjusted to age, gender and predicted probability of smoking (Figure 9).
In the analysis of Cd, we excluded donors with Cd>1 pg/L, this is to be able to focus on
factors not related to smoking.
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Figure 9. Association between industries within 5 km from the residential location and

metals’ concentrations in blood

Arsenic (As)

Risk Factor within 5km PR

95% ClI

Cadmium (Cd) among non-smokers
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Industries emitting Cr — 0.9 (0.76: 1.07) Industties emitting Cr — 1 (0.88: 1.14)
Industries emitting Pb — 0.86 (0.71:1.05) Industries emitting Pb e e 1.01 (0.88; 1.18)
Industries emitting As/Cd/Cr/Pb ——&——— 0.86 (0.71: 1.05) Industries emitting As/Cd/Cr/Pb — 1.01 (0.88; 1.18)
Quarries —s—————— 1.14 (0.74; 1.76) Quarries _ . 0.94 (0.67; 1.31)
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Risk Factor within Skm PR 95% CI Risk Factor within 5km PR 95% Cl
Industries emitting As B 1.06 (0.97:1.16) Industries emitting As —a— 1.08 (0.98; 1.19)
Industries emitting Cd —— 1.06 (0.95:1.17) Industries emitting Cd —— 1.03 (0.92: 1.16)
Industries emitting Cr —r-— 1.04 (0.93; 1.15) Industries emitting Cr — 1.06 (0.94; 1.2)
Industries emitting Ph - 1.08 (0.96:1.22) Industries emitting Pb e 1.08 (0.94; 1.24)
Industries emitting As/Cd/Cr/Pb - 1.08 (0.96: 1.22) Industries emitting As/Cd/Cr/Pb —- 1.08 (0.94; 1.24)
Quarries P T m— 0.95 (0.72; 1.24) Quarries —=——— 147 (1.08;2)
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L All estimates are adjusted to age, sex and predicted probability of smoking, with the exception of the model of Cd
concentrations, where analysis was performed in a stratum of non-smokers, i.e. Cd<1.0 pg/L.

The forest plots demonstrate no adverse association of industries with As and Cd. In fact,
donors with higher levels of As in blood were likely not to reside in high proximity to
industries (although none of the protective factors were significant). All association estimates
between industries and Cr levels were negative, however none of these was statistically
significant. Analysis of Pb concentrations revealed the same pattern. The donors’ proximity to
quarries was likely to increase the Pb levels times 1.47 (p-value=0.013).
An inspection of association between the donors” ambient pollution levels and industries
located within 5 km from their residence, revealed that presence of industries was positively
correlated with PMysand CO and negatively correlated with PMyo. The latter was positively
associated with quarries (Table 3, supplementary analysis).
We further investigated a joint impact of ambient pollutants and presence of any industries
working with metals on metals’ concentrations, adjusted to age, gender and smoking (analysis
not shown). The analysis indicated a possible adverse impact of NO, on As levels (p-
value<0.001), PM;o and SO, on Cr (p-value=0.023 and borderline p-value=0.093,
respectively) and PMyo on Pb levels (borderline p-value=0.068).




The analysis presented in the tables above along with additional univariable testing (not
shown here) can be concluded in the following diagram (Figure 10). The dashed lines
represent the associations assumed based on literature and not tested in the current analysis.

Figure 10. Associations between exposure sources and concentrations of metals in blood,
based on the analysis!
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! Dashed arrows are assigned to assumed associations not tested in the current analysis.

Discussion and Conclusions

The first objective of the current project was to compare concentrations of metals in blood of
donors residing in the Haifa Bay region and the rest of the country. Based on the analysis
adjusting to age, gender and smoking status, we came to conclusion Haifa Bay residents are
exposed to statistically lower levels of As and Cd. On the other hand, the levels of Cr and Pb
appeared to be 1.08-1.10 times higher among Haifa Bay residents than in the rest of the
country (although with borderline significance of 0.067 for Cr). These metals were 1.13 and
1.15 times higher for those who donated blood in the Haifa Bay region but not necessarily
resided in the area..

What could explain the difference in metals concentrations between Haifa Bay region and the
rest of the country? In general, elevated concentrations of metals like As and Cr can result
from a diet, although an assumption of different dieting patterns between geographic regions
seems extremely unlikely. The list of anthropogenic sources of As, Cd, Cr and Pb in the
environment is long and many of these sources are not specific to a metal. For instance,
Arsenic can be a product of automobile exhaust, wood preservatives, pesticides and dyes [33].
Cadmium can result from exposure to refined petroleum, paint, plastics, but also pesticides.
The possible sources for Chromium includes chromeplanting, petroleum refining,
electroplanting industry, textile manufacturing, and for Lead — petrol-based materials, and
also pesticides and mobile batteries [33]. To indicate a source of pollution for each of the
metals, a comprehensive investigation of potential industrial sources is warranted in future
projects.

The findings of higher Cr and Pb and lower As and Cd, in the Haifa Bay area fit a pattern of
an industrial metropolitan area not as much subjected to traffic-related pollution, as compared
to Tel-Aviv area.
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The second objective focused on the association of metals with ambient pollutants, in attempt
to reveal an environmental source contributing to high metal concentration. Investigation of
possible sources of the high levels of Pb, pointed at their association with CO, SO, and PMyy.
The latter was found associated with proximity to quarries.

As concentrations were independently associated with PM2sand NO,

An in-depth analysis of industrial sources was out of scope of the current project, yet it is
highly warranted for the future analyses. Likewise, testing of collected but not yet tested
samples must provide more granulated information on exposures and more certainty in
identification of pollution sources and their possible control and/or elimination.

As a third objective, we considered developing a platform for a nation-wide human
biomonitoring effort, featured by high temporal and spatial resolution. With this in mind, we
attempted to maximally simplify the procedures of collecting and testing, that would be
readily applicable in Israel and similar settings worldwide in future. Judging by (i)
enrollment numbers exceeding the expectations and (ii) high spatial resolution of randomly
chosen samples, this objective was met. Moreover, the temporal distribution over the span of
2 years of enrollment was minimally affected by the COVID-19 pandemic that started exactly
with the study onset. The overall success of the study team in developing the platform
supports the underlying idea of the current project, in taking advantage of Magen David
Adom Blood Services, the national organization with well-developed infrastructure and
procedures for samples collection. Likewise, collaboration with the national laboratory of
public health granted the study the ability to conduct high quality tests among general
population featured by low pollutants’ concentrations.

The study has a few limitations. For instance, donors do not fully represent the general
population. This is mainly related to donors being volunteering, usually featuring subjects
with higher socio-economic level and higher health-related compliance. With that been said,
this selection bias can hardly interfere with the main objective of human biomonitoring
intended to monitor human exposures to chemicals, similarly to monitoring stations indicating
the levels of ambient pollution. Furthermore, healthy and active donors not exposed to
medications of any sort or behavior-related risk factors helps to provide reliable estimates of
exposure clean from possible chemical substances.

Another limitation would be the inability to collect study-customized information on blood
donors, such as diet or occupation For instance, an engineer in a factory might be more
exposed to hazardous environment than a teacher. Accounting for occupation is warranted for
valid comparisons between the regions. Nevertheless, prospective collection of additional
information on donors would enormously complicate the enrollment and possibly harm the
blood collection process itself. We therefore chose to compromise on working with an
available information.

To conclude, the residents in Haifa Bay area are featured by low levels of As and Cd, and by
high levels of Cr and Pb, as compared to the rest of the country. Donors with high Pb
concentrations are likely to live close to quarries and be exposed to higher levels of PMio, CO
and SO;. In general, ambient levels of pollution were found associated with internal metals’
concentrations, confirming their contribution to the pathological pathway between air
pollution and morbidity.
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Applicability of the study results in Israel

The study provided an answer to the main thrust of the current study, which was to compare
internal exposures of the Haifa Bay residents to the rest of the country. The information on
elevated levels of Cr among donors from the Haifa Bay as compared to the general population
in Israel provides an indication of a possible hazardous exposure. ldentifying sources of Cr
and Pbexposure can potentially reduce emission levels and thus eliminate chronic exposure of
Haifa Bay residents to hazardous and carcinogenic chemical.

Another important consequence of the current study is the establishment of a framework of
dynamic national biomonitoring by assessing the exposure to selected chemicals in Israel. The
successful accomplishment of the research objectives and enrollment in numbers exceeding
those planned in the study, prove that the national blood bank in Israel (MDA Blood Services)
represents one of the best platforms for samples collection. The spatial coverage of the
country in its entirety and routine collection of samples scheduled on all working days
throughout the year, ensures a steady and uninterrupted supply of the samples available for
the human biomonitoring purposes. This was demonstrated on enrollment numbers unaffected
even by the COVID-19 pandemic that started exactly with the project onset.

Recommendation for future research

The study findings urge for more and immediate research in the following directions.

1. An extensive investigation of industries in Haifa Bay and other areas in the country
featured by high levels of metals is warranted and will be conducted by the study
researchers.

2. Additionally, testing of the remaining samples collected in the study seems to be of
highest importance and has a potential to reveal possible sources of exposure and
their elimination in future.

3. Association with morbidity indices, especially related to Cr exposure, should be

explored.
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