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Abstract

Particulate air pollution is associated with resfmry and cardiovascular morbidity and
mortality. Recent studies investigated whether tanethich extent inhaled ultrafine particles
are able to translocate into the bloodstream in @ngnHowever, their conclusions were
conflicting. We developed a physiologically basédekic model for”*"technetium-labelled
carbon nanoparticles (TechnefasThe model was designed to analyse imaging data.
includes different translocation rates and kinetmsfree technetium, and small and large
technetium-labeled particledt was calibrated with data from an experimentigiesd to
assess the fate of nanoparticles in humans atatation of Techneg8s The data provided
time-courses of radioactivity in the liver, stomaahne and blood. Parameter estimation was
performed in a Bayesian context with Markov Chaiaont¢ Carlo (MCMC) techniques. Our
analysis points to a likely translocation of pdeibound technetium from lung to blood, at a
rate abouR-fold lower than the transfer rate of free technetithotably, restricting the model
so that only free technetium would have been able#ch blood circulation result in much
poorer fits to the experimental dahe percentage of small particles able to traaséowas
estimated at 12.7% of total particles. The pergmnta# unbound technetium was estimated at
6.7% of total technetium. To our knowledge, our elad the first PBPK model able to use
imaging data talescribe the absorption and distribution of nantigdas We believe that our
modeling approach using Bayesian and MCMC techsiquevides a reasonable description

on which to base further model refinement.



INTRODUCTION

Nanoparticles' safety is an integral part of tleErwelopment process. We regularly witness
the publication of reports on their toxicity effeah vitro, which beg for the question of their
significancein vivo (Oberdorster et al., 2005 ; Sayes et al., 200%®rukial point to answer is
to what extent and at what rate nanoparticles ethierbody and distribute in its various
tissues. The issue is controversial because natimesrare larger than most molecules
known to penetrate easily in the body, because thgr little data on the topic, and because
the few published results conflict, even for thensatype of nanoparticles (Odajima et al.,
2008). Nemmar et al. (2002) and Mills et al. (2088posed healthy non-smoking volunteers
to **Mechnetium-labelled carbon nanoparticles (Techri§gassimilar conditions. Nemmar
et al. concluded that nanoparticles translocatesh fihe lung into the blood circulation. Mills
et al., however, found no evidence to support ¢rein, reporting that most of their observed
data were explaineby the distribution of free technetium (Tc), unbdul® nanoparticles.
They suggested many explanations for Nemmar €2@02) data, such as the need to ccount
for free technetium kinetics and the fact thatnmaging dataseveral overlapping regions
contribute to radioactivity in the regions of irdst. For instance, the radioactivity measured
in liver is partially related to technetium conaation in the lung, the skin, the blood and
adipose tissues. It seems consequently cruciag-smalyse Nemmar et al. data with tools able
to analyse imaging data and estimate relevantikeparameters.

Therefore, we developed a physiologically basedmhbeaokinetic (PBPK) model, adapted to
imaging data analysis, which proposes a realigien if simplified, description of the
mechanisms of absorption, distribution and elimorabf technetium-labeled nanoparticles
and free technetium in thbody. In PBPK models, the body is subdivided intwious
compartments representing specific organs linked blood flows Compartments are

characterized by a set of parameters of physiahbgielevance €g., volume and blood
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perfusion rate) which play a crucial role in explag the behavior of chemical substances in
the body, and are invariant across substances. PBBH#els offer great flexibility. In
particular, they are adapted to extrapolations betwspecies, routes or dose levels (Chiu et
al., 2007). The general PBPK model we proposedapatied to the Nemmar et al. inhalation
study, with parameters estimation in a Bayesiariex@dnThe Bayesian approach is a suitable
method in the context of mechanistic pharmacokinetodelling,as they are well suitefor
efficient use of both data and prior knowledge rdogy the compound or the physiology of
the subjects. This permits a reliable parametemasion for a complex PBPK model such as

the one used there.

MATERIALS AND METHODS

Data

Nemmar et al. collected Techne§atstribution data on 5 healthy male volunteersnit®4 to
47 years old. Technedais an aerosol suspension’dfTc-labelled carbon particles produced
in high purity argon. The size of individual paktis was 5 to 10 nm, confirmed by electron
microscopy. Volunteers were exposed to approximaté0 MBq of Techneg8sin 3 to 5
breaths. Blood radioactivity data were collected ab, 10, 20, 30, 45 and 60 minutes after
Technega inhalation, together with gamma-camera imagesadfoactivity distribution in
the whole body measured at 5, 10, 20, 30 and 4%itesn Three regions of interest (liver,
stomach lumen, bladder conteng, urine) were defined on the images. We disposeatief
intensity apportioned to liver intensity at 5 miesit We did not use directly intensity
apportioned to initial lung radioactivity, as shownNemmar et al. figure 2, because of the

very high variability of this measurement amongfitie subjects.



PBPK Model

The basic model structure is presented in Figuravith the whole systems of equations
detailed in the Appendix. It subdivides the humaalearbody into 24 compartments. This
number of compartments have been included becauaging data analysis decompose
imaging regions of interest into many compartmé8ee next paragraph). However, we used
a common partition coefficient between organs doddand the blood fluxes in organs were
fixed to reference values to avoid overparametasatf the model.

As PBPK models deal with organ concentrations,rpgooparameters estimation, we had to
relate the observed data (relative gamma emissitamsity or radioactive decay counts) to
organ concentrations. We defined regions of int§R©Is) for various organs on a projection
of a voxel-based anthropomorphic phantom (Zuball.e2001). We then counted the voxels
pertaining to the various tissues and empty spameénd the body in the volume defined by an
ROI, and formed the ratios of those counts to thtal tnumber of voxel in the volume
considered. Then, we could relate mathematically iRt@nsity and concentrations in organs
and blood (See Appendix).

In our model, intake of nanoparticles occurs iflifidhrough breathing. Particles are
deposited in the upper respiratory tract and lur§sme are rapidly transferred to the
stomach, due to the swallowing of particles depdsih the mouth (Nemmar et al., 2002).
our model, there was consequently a fixed init@ldition with a fixed quantity of particles
and free technetium in the stomach and a fixedioriee lung. As actual exposure dose was
uncertain, this parameter was among the ones \iraatstl from the datalechnegd3is not
homogeneous. Indeed, part of the technetium is wmb@nd particles have different sizes,
which can induce different kinetics. We disting@idtbetween three different fractio&"Tc
bound to small particles.é. able to translocate}?™Tc bound to large particles& unable to

translocate) and fre€™Tc. The concomitant distribution 81"Tc in these three fractions was



modeled. Large particles are assumed to remaioratant concentration in the lung and the
stomach, as suggested by many publications (Mils.e2005; Wiebert et al., 2006). Small
particles and fre€™Tc in the lung can transfer to blood by diffusidfioreover, free®®™Tc
can translocate from the lung into the gastroimasttract as shown by Wiebert et al. (2006).
This was accounted for in the model, in which wsahssumed that this translocation was
possible for small nanoparticles. Once in the bladall particles and fre€™Tc diffuse to
the various compartments (except the brain, beciiesemar data show no transfer®dfTc

to that organ). Elimination of fre€™Tc¢ is supposed to occur by filtration to urine. Dgrthe
time of exposure (60 min), the renal eliminationpaiiticle bound®™Tc was neglected, as
there was only freé™Tc found in urine (Nemmar et al., 2002). To faailit parameters
estimation, we assumed that all organs have the $dood over tissue partition coefficient
value. Some studies have shown that accumulatioA™®t is similar in most of the organs
(ICRP, 1999).

Applying the law of mass conservation for each orgatissues yields for each model a set of
differential equationssge Appendix which were solved by numerical integration usihg
MCSim software version 5.0.0 (Bois and Maszle, 21997 (see
http://fredomatic.free.fr/page_mcsim.html). The ralsdcan be used to simulate the time
course of radioactivity associated witA™Tc-labeled nanoparticles and fré&'Tc in the
various body compartments, as a function of thentjiyaof Tc inhaled and of various
physiological characteristics of the body.

The PBPK model parameters, and some additionahpsess needed to describe the data
collection process, are described together with thedel equations in Supporting
Information. For physiological parameters (suclo@gn volumes and blood flows), we used
the fixed values given in Tables 1 and 2, which eoenmon values for adult males.

Parameters specific to Technefas to the experiments performed were treated agora



variables in a Bayesian statistical framework (ataided below), and their prior sampling

distributions are given in Table 3.

Statistical analysis

A statistical measurement error model and a pojmahodel were needed to assign values
for some of thgparameters given in Table 3 given their priorrdisitions and Nemmar et al.
data. The measurement error model described mgdetiors and uncertainties in the data
collection processe(g., in the fraction of the particles immediately shaled, imprecise
guantity of inhaled Tc, approximate definition dfet regions of interest scanned). Inter-
individual variability was quantified in the framevk of a population model (Gelman et al.,
1996; Bernillon and Bois, 2000) to try to accouot the fact that the five subjects studied
clearly differed from a kinetic standpoint (see éxample in Figure 3 the differences in blood
radioactivity counts between subjects given theesaxposurg

For a given PBPK model, the measurement errorsoimdbradioactivity counts were assumed
to be independent and log-normally distributed hvat geometric mean equal to the PBPK
model predictions and a geometric standard dewia{®dSD) of 1.05 (approximately 5%
error). The same was assumed for the relative sittes in liver, stomach, and urine, but with

a GSD of 1.15. Data likelihoods were therefore gilog:

log(Y) ~ N(log(F (X, 6)),0.) (1)
where the functiorr(X,f) corresponds to a PBPK model with input X and peatersd, and
oc is equal to either 1.05 or 1.15.
Pharmacokinetic models and error models were endskdd a hierarchical population
structure, which considers that each subject'snpetier value® are drawn from a statistical

distributionG with given population meamy and variancey.



The proposed population model has two major commsnéhe individual and the population
levels. At the individual level, paramete#swere assumed to be normally or log-normally
distributed with population meang and standard deviatiorg. Truncation bounds of the
distributions were set on the basis of the limits plausible values. The hierarchical
populationstructure was only applied for the physiologicalgmaeters in Table 3 (fractions of
lungs and volume of urine). The population disttibis were normal, with normal
distribution for population variances with a mednld1 and a standard deviation of 1. In
contrast, partition coefficients and percentagefree Tc and of small particles were
considered only as population parameters, (constant across subjects). Two parameters
were added at individual level, the quantity ofatgd Tc,Qung(0) and the fraction of the

inhaled particles immediately swallowesl f.

Bayesian Inference via MCMC

The population model described above was fittedth® observed data with Bayesian
techniques (Gelman et al., 1995). The Bayesianoagpryields a sample of parameter values
from their joint posterior distribution. From Bay#iseorem, the joint posterior distribution of
parameters is proportional to the prior distribngoof parameters multiplied by the data
likelihood. The posterior is then an update, ussbgerved data, of what it is known about
parameters prior to the experiment.

The first step of the Bayesian approach consisteiining prior distributions that quantify
the information coming from expertise or from thogestific literature. Prior distributions on
population parameters and their associated parasnate summarized in Table 3. As little is
known about nanoparticle kinetics, we generallydusery wide uniform distributions to

define chemical-specific parameters. We had pnéormationabout the first-ordetransfer



rate from lung to blood for free Tc (Klotzerke &t 4996; Thomeer et al., 2002) so that we
fixed Ky jung 1 @t 0.04.

We obtained marginal posterior distributions of thedel parameters in Table 3 by randomly
sampling their values from the joint posterior digitions of all population and individual
parameters, conditionally on the data from the Bjestis. For this, we used Markavhain
Monte-Carlo simulations (Gilks et al., 1996) (Mgtotis-Hastings sampler) performed with

the MCSm software. After 80000 iterations of 3 parallel Mav chains, their convergence

was checked by calculating the Gelman and R(Rimatio on thelast 20000 iterations

(Gelman and Rubin, 1992).

RESULTS

The highes R computed for the last 20000 iterations was 1.86wng that all chains had
approximately converged. To get a sample from #ngeted posterior distribution, we took
one in 10 vectors among the last 20000 of eachndkading to a posterior sample of 6000
parameter vectors.

Figure 2 and 3 provide the data and regressioth®orelative intensities of stomach and urine
compared to liver and the radioactivity measuretlaod. The fit is globally satisfactory but,
for each figure, at least one individual datasdtadly fitted. For stomach, subject 5 dataset is
very different from those of the other individual$e ratio is almost constant during the first
four time points and only increases for the lasietipoint. For urine, subject 1 measures are
underestimated. As for blood concentrations, suljekdneticshasnot been captured by the
model. It is however important to note that mosth&f parameters of the model are common
to the five individuals, to avoid over-parametetiga and difficulties for parameter
estimation. Individual substantial differences éore parameter could explain the bad fit. For

instance, subject 1 may have a smaller urine flme than the other subjects.
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We tried an alternative model with no particle (#noa large) being able to reach blood
circulation. This was performed by fixing at O tinhenslocation rates for small particl&$e
resulting-Loglikelihood was doubled, and the tinmesses oforgan intensitiesand bbod
concentration were not captured by this alternateelel, for all the subjects.

Table 4 gives posterior distribution summariestfer population parameters of the model. It
appears that only a small proportion of the teabnetvas free (6.7% of total technetium) but
also that only a small proportion of the particlesre able to reach blood circulation (12.7%
of total particles). For both parameters, the stathd@leviation idess than20% of the mean
value, which shows that, despite the relative lawnher of subjects, it was possible to have
an accurate estimate for these parameters. Theldcation rate of particles from lung to
blood was2-fold lower than the one of free technetium. Eliminatadrfree technetium was
rapid and translocation of free technetium fromltivg into the stomach was ten times lower
than its translocation in the blood. Partition ¢oefnts were comparable for particle-bound
and free technetium. As for individual parameteiad not shown), most of the initial amount
of particles were in the lunggess than 4% of initially inhaled particles havibging
swallowed. Estimated exposures ranged from 139 to 229 MBeatgr than but consistent
with the estimate 100 MBq reported by Nemmar et(2002). Indeed, there were many
sources of variation relative to exposure. Foransg, the number of breaths varied from 3 to

5.

DISCUSSION

The adverse effect of inhaled particles on the iogedcular system have been
suggested to result from pulmonary inflammatiorultésy in systemic consequencasd/or
the direct translocation of particles from the lsmgto the systemic circulation (Seaton et al.,

1995; Vermylen et al., 2005). With respect to thegibility that ultrafine particles translocate



from the pulmonaryinto the blood circulation, various studies hawser conducted in
different animal models. The amount of ultrafinetigées that translocated into blood and
extrapulmonary organs differs amongst these stytliesxmar et al., 2001; Oberdorster et al.,
2002; Takenaka et al., 2001).

However, the issue of particle translocation in Bamis still contradictory. Brown et
al. (2002) studied the deposition and clearance forof an60 nmtechnetium-99m-labeled
aerosol in human volunteers, and found no sigmficadioactivity over the liver (1.3 *
1.2%). This activity was attributed to scatter frdmlung and/or overlap of lung parenchyma
in the liver. Consequently, these authors excluttesl occurrence of translocation and,
although they did not measure radioactivity in blothey challenged the conclusion of
Nemmar et al. (2002), th&10 nm technetium-labelggarticles could pass from the lungs
into blood and extrapulmonary organs. More receriills et al. (2005) exposed healthy
non-smoking volunteers t8°technetium-labelled carbon nanoparticles (Techrf§gas
similar conditions to Nemmar’s study. While the dstuof Nemmar et al., concluded to a
translocation of nanoparticles from the lung irtte blood circulation, Mills et al., however,
found no evidence to support the conclusion of Namet al., and have explained the
findings by the distribution of free technetium JTanbound to nanoparticles. Mills and
colleagues investigated this question by usingenosol of technetium-99m-labeled carbon
particles (4-20 nm in diameter, but these rapidiyrfed aggregates of 100 nm in the inhaled
aerosol). No significant radioactivity was foundeovhe liver. The nature of the radioactivity
found in blood (4.4 %) consisted mainly of pertesfate, as analysed by thin layer
chromatography (TLC). TLC controls of Technegasoser collected immediately from the
generator showed clearly two peaks, one at theénocigrresponding to particle-bourid™Tc
and the other at the solvent front correspondingxidized®*™Tc, ie, pertechnetate (TGQ

Moreover, when the aerosol was added to whole bloedro, two peaks were observed one
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staying at the application point and the other mgwvith the solvent front (smaller peak).
The radioactivity observed after Technegas inhatationsisted mainly in free pertechnetate,
because additionah vivo oxidation may easily have occurred. No TLC analyadter the
administration of free pertechnetate in humansgnovivo in animals has been reported by
these authors.

These results contrasts with previous findings bgmihar et al., also based on
inhaling an aerosol of technetium-99m-labeled aarlparticles, where particle-bound
radioactivity (also assessed by TLC) was detectdulaod already after 1 minute, reaching a
maximum between 10 and 20 minutes, and remainitigsaatevel up to 60 minutes. The TLC
analysisobtained after adding blood wifi™Tc-carbon particles collectdbm the generator
showed, at 1 min, only one peak that stayed abtiggn. However, at 60 min, in addition to
the peak at the origin, the presence of a sma#lak pf radioactivity at the solvent front has
been observed (suggestiveiofvitro oxidation). Following Technegas inhalation, TLCadif
blood samples showed, in addition to radioactiviéyying moved with the solvent front, a
substantial proportion e&dioactivity that stayed at the application p@nt corresponded
particle-bound®™Tc. In contrast, there was only opeak at the solvent front after adding
9mre-pertechnetate tblood or in blood collected after the intratrachadministrationof
9mrc-pertechnetate to hamsters. Gamma camera image®d substantiahdioactivity over
the liver and other areas of the body. Consequettily discrepancies between these two
studies may be related to the Technegas partisiee @nd compositiorffom Technegas
generators with a different history and age. WHilether studies with other types of
radioactive labeling should clarify this issue, PBPK model developed fdftechnetium-
labelled carbon nanoparticles is a useful appraacted at evaluating the translocation of

nanoparticles from lungs into the systemic cirdalat
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To our knowledge, our paper presents the first afs€BPK modeling to assess
distribution of nanoparticles in humans, based wmaging data. It offers a reasonable
description of Techneg8kinetics in humans, with a relatively low numbéparameters (12
parameters). We showed how information obtainednfimaging could be coupled with
blood concentration measurements to update kinpacameters distribution in a Bayesian
framework. We obtained similar results relativdree technetium kinetics than other studies
(ICRP, 1999; Mills et al., 2005; Wiebert et al.,08), a high elimination rate through urine,
and less than 5% of swallowed particles. The es#ichdraction of unbound technetium
(6.7%) was also very coherent with the one found/idis et al. (2005) at approximately 5%.
From our study, it appears that passage of pastidethis size and specification) from lung
into the blood circulation is likely to occur, far small number of particles, with a rate of
passage half the known rate for solubf&Tc. In the paper by Nemmar et al. (2002), there
was no attempt to quantify the proportion of p#&sclikely to enter the circulation, but
suggestions of possible high levels. However, wensd here, with the same data, that only a
small proportion of the particles were able to stanate. Moreover in the paper by Nemmar
et al. (2002), the rapid and constant liver radiodag they observed was presented as due to
particles sequestration in Kupffer cells, with &atigely high level of radioactivity (around
10%). With our modeling approach, we showed thagdrlradioactivity was partly explained
by the presence of lung tissues in the liver imggegion of interest. Moreover, there was no
need for a specific high partition coefficient ib the dataWiebert et al. (2006) performed
experiments with either stable or unstable labelingthe first experiment, there was only
around 0.1 % of initial deposited activity deteciadblood as bound to particles after 80
minutes. This result is close to the Mills studycbntrast, in the experiment with one subject
exposed to unstable labeling, around 6% of indighosited activity was found in blood as

bound to particles. This result is close to oumeste for Nemmar study. This suggests that
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the percentage of particles able to translocateiig dependent on the experimental design,
even if high percentages are very unlikely.

The data used form the experiments described bynNenet al. were not specifically
collected to perform PBPK modeling. We only hadadan liver, urine, stomach and blood
and they only extend to 60 minutes. Moreover, tlagadeported on the imaging were
expressed as percentage of initial lung radioagtmihich is a relative imprecise measure
because it is only relative and not quantitative specific for chemical identity. The dataset
contained data of a few organs; a more detailedastt, in particular lung radioactivity time
course, would have helped us in the model assessmnecedure. We also looked, in the
literature, for kinetics data on free Tc kinetiaad we could only get prior information about
the rate of passage from lung into blood. Morenmfation on Tc kinetics, in particular on the
partition coefficient, would permit to refine thesessment of the distribution and kinetics of
free and bound®™Tc in the model. The expectation is that this wondd change our main
conclusion that the observed translocation caneaotxplained solely by the kinetics of free
technetium.

To conclude, a model was developed that describesirthalationand distribution of

Techngas in humans as representative of carbonpadiaes. Although lacking measured
tissue-to-blood partition coefficients and indepemtdverification to a secondary data, the
modeling approach using Bayesian and MCMC techsiquevides a reasonable description

on which to base further model refinement.

ACKNOWLEDGEMENTS

This study was funded by the European Integrategegr NANOSAFE2 (Project ID:

NMP2-CT-2005-515843), supported by the Sixth FraoréwProgramme for Research and

13



Technological Development. We would like to thamlo tanonymous reviewers who greatly

helped to improve the quality of the manuscript.

REFERENCES

Bernillon, P., and Bois, F.Y., 2000. Statisticauss in toxicokinetic modeling: a Bayesian

perspectiveEnviron. Health Persp. 108:883-893.

Bois, F.Y., and Maszle, D. 1997. MCSim: a simulatiprogram.J. Sat. Soft. 2(9),

[http://www.stat.ucla.edu/journals/jss/v02/j09

Brown, J.S., Zeman, K.L., and Bennett, W.D., 20QRtrafine particle deposition and
clearance in the healthy and obstructed Iurg. J. Respir. Crit. Care Med. 166:1240-
1247.

Chiu, W.A., Barton, H.A., Dewoskin, R.S., Schlosser, Thompson, C.M., Sonawane, B.,
Lipscomb, J.C., and Krishnan, K., 2007. Evaluatiof physiologically based

pharmacokinetic models in risk assessménppl. Toxicol. 27:218-237.

Gelman, A., and Rubin, D.B., 1992. Inference fromrative simulation using multiple

sequences (with discussio®at. Sci. 7:457-511.

Gelman, A., Carlin, J.B., Stern, H.S., and RubinB.D 1995. Bayesian Data Analysis.

London: Chapman & Hall.

Gelman, A., Bois, F.Y., and Jiang, J., 1996. PHggical pharmacokinetic analysis using
population modeling and informative prior distrilauts. J. Am. Sat. Assoc. 91:1400-

1412.

Gilks, W.R., Richardson, S., and Spiegelhalter,.,01996.Markov Chain Monte Carlo in

Practice. London: Chapman & Hall.

14



I.C.R.P., 1999Radiation dose to patients from radiopharmaceuticals. Annals of the ICRP 28
(3); Pergamon Press, Oxford, UK. International Cassion on Radiological Protection,

Publication 80.

I.C.R.P., 2002Basic anatomical and physiological data for use in radiological protection:
reference values, New-York: International Commission on Radiologid@rotection,

Publication 89.

Klotzerke, J., Van den Hoff, J., Burchert, W., Wagnl.O.F., Emter, M., and Hundeshagen,
H.A., 1996. Compartmental model for alveolar cleasmof pertechnegad. Nucl. Med.
37:2066-2071.

Leggett, R.W., and Williams, L.R., 1995. A propodadod-circulation model for reference

man.Health. Phys. 69:187-201.

Mills, N.L., Amin, N., Robinson, S.D., Anand, A.,aDies, J., Patel, D., De la Fuente, J.M.,
Cassee, F.R., Boon, N.A., Macnee, W., Millar, A.Rgnaldson, K., and Newby, D.E.,
2005. Do inhaled carbon nanopatrticles translocaéettly into the circulation in humans

? Am. J. Respir. Crit. Care Med. 173:426-431.

Nemmar, A., Vanbilloen, H., Hoylaerts, M.F., HoBtH., Verbruggen, A., and Nemery, B.,
2001. Passage of intratracheally instilled ultrafiparticles from the lung into the

systemic circulation in hamstekm. J. Respir. Crit. Care Med. 164:1665-1668.

Nemmar, A., Hoet, P.H.M., Vanquickenborne, B., D@e, D., Thomeer, M., Hoylaerts,
M.F., Vanbilloen, H., Mortelmans, L., and Nemery, B002. Passage of inhaled particles

into the blood circulation in humarSirculation 105:411-414.

Oberdoérster, G., Sharp, Z., Atudorei, V., Elder, @elein, R., Lunts, A., Kreyling, W., and
Cox, C., 2002. Extrapulmonary translocation of aflire carbon particle following

whole-body inhalation exposure of ralsToxicol. Environ. Health A 65:1531-1543.

15



Oberdorster, G., Oberdorster, E., and Oberdordter2005. Nanotoxicology: an emerging

discipline evolving from studies of ultrafine patés.Env. Health. Persp. 113:823-839.

Odajima, H., Yamazaki, S., and Nitta, H., 2008. lidecin peak expiratory flow according to
hourly short-term concentration of particulate matin asthmatic childreninhal.

Toxicol. 20:1263-1272.

Sayes, C.M., Reeds, K.L., and Warheit, D.B., 20@8sessing toxicity of fine and
nanoparticles: comparing in vitro measurementatgivo pulmonary toxicity profiles

Toxicol. Sci. 97:163-180.

Seaton, A., MacNee, W., Donaldson, K., and God@en1995. Particulate air pollution and

acute health effectbancet 345:176-178.

Takenaka, S., Karg, E., Roth, C., Schulz, H., ZieseA., Heinzmann, U., Schramel, P., and
Heyder, J., 2001. Pulmonary and systemic distmputif inhaled ultrafine silver particles

in rats.Environ. Health Perspect. 109 Suppl4:547-551.

Thomeer, M.J., Dehaes, B., Mortelmans, L., and QimeM., 2002. Pertechnegas lung

clearance in different forms of interstitial lungeaseEur. Respir. J. 19:31-36.

Vermylen, J., Nemmar, A., Nemery, B., and Hoylaevtd~., 2005. Ambient air pollution and

acute myocardial infarctiod. Thromb. Haemost. 3:1955-1961.

Wiebert, P., Sanchez-Crespo, A., Falk, R., Philps$a, Lundin, A., Larsson, S., Moller, W.,
Kreyling, W.G., and Svartengren, M., 2006. No digant translocation of inhaled 35-
nm carbon particles to the circulation in humanbkal. Toxicol. 18:741-747.

Williams, L.R., and Leggett RW., 1989. Referenctiga for resting blood flow to organs of

man.Clin. Phys. Physiol. Meas. 10:187-217.

16



Zubal, I.G., Harell C.R., Smith E.O., Smith A.LQ®L. Two dedicated software, voxel-based,
anthropomorphic (torso and head) phantoms.

http://noodle.med.yale.edu/pubpapers/Zubal.pdf

17



APPENDIX : PBPK model equations

The following equations are for the quantit@®f *™Tc-labeled nanoparticles and fré&Tc

in each compartment. Quantities were expressedBi,Mvhich is the unit of radioactivity
used in Nemmaet al. paper. ConcentrationS, in MBg/L, were obtained at any time by
dividing Q by the compartment volume. Volumes were in L, timenin, flows and rates in
L/min. Q andC depended on time but we omit the time argumentwissible for lighter
notation. A list of parameters and their values loariound in Tables }-of the main text.

For adipose tissue, adrenals, bone marrow, brae@ash heart, kidneys, muscles, other organs

and tissues, pancreas, skin, spleen, testes araidhy

% F X[Cm -&j 1)

whereF; are defined in Table 2, arR] are tissue over blood partition coefficients (EaB).

For the lung:

aQung ——(Km lung + Kv _lung )XCIung (2)

whereK, jung andKm jung are respectively the direct transfer rate frongltm blood and the
translocation rate from lung to stomach lumen (fmih). Initial dose in the lungQung(0) is
one of the parameters and is estimated from treefdatach of the subjects.
For the liver, blood feeds from the arterial pagleen, pancreas, stomach and gut:

aaner — F XC + F C:spleen + F x Cpancreas + F x Cgut

at spleen pancreas
spleen pancreas gut

3)

C C,
stomach __ liver
+ Fston‘ach X I:Iiver X

stomach liver

Total blood flow to the liverFer, is the sum of extra-portal flow and incoming flowwom

spleen, pancreas, gut and stomach:
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I:Iiver = Feport + I:spleen + Fpancreas + I:gut + Fston‘ach (4)
For urine:
0Q,:
urine — K x C
6t e renal ven (5)

whereKe rena IS the urinary clearance rate (in L/min).

For arterial blood:

0Qu1
ot

= Ftotal XCven + Kv_Iung X CIung - Ftotal X Cart (6)

For venous blood:

c
F:| - I:tota.l X Cven - Ke_renal x Cven (7)

anen j—
"=y F

wherei designate the following organs or tissues: adiptssie, adrenals, bone marrow,
brain, breast, heart, kidneys, liver, muscles, rotihhgans and tissues, skin, testes and thyroid

The gastro-intestinal tract is described by founpartments:

aQ om_lumen
__lom_lumen _ K lung XClung = Faom 1umen X Csom 1umen 8)
ot - - -
0Qqomach C
— tslomach — x| C. . — stomach
at ot o Pstomach (9)
aQ umen
gt:;{l = Faom_umen X Ceom_umen ~ Fout_tumen X Cout_tumen (10)
0Qy o
- ¥ = F X C _ qui
ot o P, (11)
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whereFgom jumen IS the transport rate from the stomach lumen ¢ogtit lumen (L/min). These
transport rates were assumed to negligible duhegkperiment.

As part of the inhaled particles have been swalthwee introduced a paramet& {) so that
Qstom 1umen(0)= S _f.Qiung(0). This parameter is estimated for all subjects.

We had first to relate the observed data (relatjgenma emission intensity or radioactive decay
counts) to the above quantities or concentratigvis.defined regions of interest (ROIs) for various

organs on a projection of a voxel-based anthropphiorphantom The Zubal Phantom - Voxel-

Based Anthropomorphic Phantoms kttg://noodle.med.yale.edu/zubal/index.ftmWe then

counted the voxels pertaining to the various tissared empty space around the body in the volume
defined by an ROI, and formed the ratios of thaments to the total number of voxel in the volume
considered.

The following table gives the fractions estimatdtwey do not add up to 1 since minor tissues

and empty space are excluded):

Tissue Region Of Interest

"Lung" "Liver" "Stomach "Bladder"

lumen™

Adipose 0.05 0.05 0.09 0.14
Liver - 0.39 -
Lung 0.44 (estimated) (estimated) -
Muscle 0.1 0.1 0.13 0.08
Skin 0.02 0.02 0.02 0.02
Spleen - - 0.1 -
Stomach lumen - - 0.23 -
Urine - - - 0.17

We account for the blood present in the organs,chvigontributes to the intensity of

radioactivity of the studied organs. The blood wduper organ was obtained from Leggett
and Williams (1995) who provide blood content irrqestage of total blood volume for a

reference middle-aged man. In the equations fansity, we added the blood contribution
when it could be substantial, i.e. in liver (31%))g (140%), spleen (52%).

The intensities at timein liver, stomach lumen and urine were computedlarly:
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Kintensity® ex;()— Kd [t)

(F (aciplive (€, ) + F(11VEx11ve (G, ., () + 03ITOBIT, () + 0B7IC,, ()
+f(lunglive) {G,,,,(t) + LA1033(C,,(t) + 067LC,,(t))

+ £ (musdiven [T, ., 0)+ F(skinlived [T, (0)

IIiver(t) =
(12)

Kintensity X eXpi_ Kq [t)

(f (adip ) (€ (0) + £ (UG ) G, 6) + 141033, () + OBTIC, (1))

+ f (musclestl) [T, .. (t) + f (skinstl) [T, (t)

+ f (spleenstl) [Cy, (1) + 0520H033LC,, (1) + 067LC,,(1))) + f (stl, stl) [(Dstom_,um(t))

| ()=
(13)

line () = Kinensty X €XP(— K4 [t)x ( (adip, urine) [Cq, (t) + f (muscle,urine) [C,, . (1)

+ f (skin, urine) [Ty, (t)+ f (urine, uring) [y (1)/Viyine (1)) 14)

whereKiqensty iS a proportionality constant,(Ks the decay rate constant féF'Tc (0.001922
min?, ), and f(i,j) the fraction of tissue i presen@ROI labeled j.

Vurine(t) is the volume of urine (in L) at tintecomputed as:

Vurine (t) =Vurine (O) + I:urine Xt (15)
whereVyrine(0) is the volume of urine (in L) in the bladdertla¢ start of exposure af@rine iS

the urinary flow rate (L/min).

The recorded radioactivity counts in blood (in CigMf blood) where obtained fro@e, (in

MBq/L) by:

C, _en(t) =60000%C,., (t) xexp(~ K, [1) (16)

The number 60000 comes from the conversion from NMBgCPM/g.
We described jointly the kinetics of small partileound®®™Tc and free®™c. We
introduced the fraction of™Tc bound,Bound, and the fraction of small particleSmall, as

model parameters and defined two set of variablee €oncentrations related to large
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particles-bound®™Tc are constant over time, so that there is no tosdefine a set of
variables for them). Variable®, o corresponded td°™Tc bound to small particles.€,
labeled nanoparticles) in each compartment, @jth corresponding to fre€™c. Similarly,
we defined concentration sé&lso andC; 1in MBq/L.

The inhaled small particles-boufd®Tc and unbound®™Tc concentrations were functions of

the total concentration inhal&zj:

Cin o = Bound x Small xC, (17)

Cyn_1 = - Bound)xC,, (18)

Equations 1 to 3, and 5 to 11 were duplicated @@etefor bound™Tc, the other for free
99Mre). Output equations 12 to 14 and 16 did not chaagd the concentratio®sdip, Ciung,
Ciiver, €tc. of total ®*™Tc which they use were at each time computed asutreof the bound

(to small and large particles) and free concerunati
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TABLE 1

Organ or tissue volumes calculated for a standard man of 1.76 m and 73 kg, using the organ
weights given by the ICRP 2002 Pub 89 (Table 2.8 p.18; Table 2.9 p.19). Density for the

organs is supposed equal to 1 excepted for adipose tissues (density 0.9) and bones (density 2)

Tissueor organ Symbol Value (L)

Adipose Vadip 18.8
Adrenals Vadrenal 0.014
Arterial blood Vgt 1.40
Venousblood  Vien 4.20
Bone Voone 2.75
Brain Vbrain 1.45
Breast Vireast 0.025
Gut Vaut 1.02
Gut lumen Vaut_lumen 0.65
Heart Vheart 0.33
Ki dney Vi dney 0.31
Liver Viiver 1.80
Lung Viung 0.50
Bonemarrow  Viarrow 3.65
Muscles Viusdle 29.0
Others Vother 7.06
Pancreas Vpancreas 0.14
Skin Vin 3.30
Spleen Vgpleen 0.15
Stomach Vstomach 0.15
Stomach lumen  Vsom 1umen 0.25
Testes Viestes 0.056

Thyroi d Vthyroid 0.019




TABLE 2
Urine flow rate and blood flows for the various organs or tissues. These have been computed
using cardiac output, percent blood flows per tissue mass and organ weights given in ICRP

2002 Pub 89 (Table 2.8 pl18-19, Table 2.39 p28, Table 2.40 p29) or provided by William &

Leggett (1989).
Tissueor organ Symbol Value (L/min)
Adipose Fadip 0.564
Adrenals Fadrenal 0.02
Brain Forain 0.78
Breast Foreast 0.00
Gut Fout 0.98
Heart Freart 0.35
Kidney Fkidney 1.23
Liver Feport 0.45
L ung Fiotal 6.72
Bone marrow Frarrow 0.29
Muscles Frusdle 111
Others Fother 0.19
Pancreas Fpancreas 0.065
Skin Fain 0.33
Spleen Fspleen 0.19
Stomach F stomach 0.065
Theri d Fthyroid 0.094

Urineflow rate  Fyrine 0.001




TABLE 3
MCMC-sampled physiological or experiment-specifezameters. Population distributions.

references ICRP 2002 Pub 89, p.99.

Parameter Symbol Distribution Unit
Quantity of inhaled Qiung(0) Uniform (0, 300) MBq
Technetium

Fraction of the inhaled particlesS f Uniform (0, 0.2) -
immediately swallowed 7

Volume of urine in bladder at Vying(0) Uniform (0, 0.5) L

start of exposure )
Fraction of lung in liver f(lung, liver) Normal[0.02, 0.01] (O, 1)
imaging region
Fraction of lung in stomach f(lung, stom) Norma [0.02, 0.01] (O, 1)
imaging region

Fraction of small Small Uniform (0,1) -
nanoparticles

Fraction of Technetium boundBound Uniform (0,1) -

to nanoparticles

Partition coefficient for free Py Uniform (0, 20) -
Technetium

Partition coefficient for small Py Uniform (0, 20) -
particles

Translocation rate from lungKv_lung 0.04 L/min
to blood for free Technetium

Translocation rate from lungKv_lung, Uniform (0, 0.1) L/min
to blood for small particles

Translocation rate from lung Km_lung Uniform (0O, 0.1) L/min
to stomach lumen

Free Technetium renal Ke_renaj Uniform (O, 1) L/min
elimination rate

Small particles renal Ke_renaj 0 L/min

elimination rate

' Between brackets are the boundaries of the folisioin
" Between square braces are the mean and standéatiateof the distribution.



TABLE 4

Model posterior parameter estimates.

Parameter Arithmetic mean an
standard deviation
Small 0.127 +0.0113
Bound 0.93 £ 0.0158
f(lung,liver) 0.0129 + 0.00437

f(lung,stom)
K\/_|ung_( (L/mln)
Pc

Vu_zer( (L) .
KmJung (L/mln)
Ke_rena|_ (L/mln)
P1

0.00564 + 0.00327
0.0165 + 0.000952
0.445 + 0.0295
0.0196 + 0.00779
0.0049 + 0.000868
0.798 £0.134
0.499 +0.164




TABLE 5

Model posterior parameter estimates.

Parameter Mean and standa
deviation

Small 0.127 £0.0113

Bound 0.93+ 0.0158

f(lung,liver) 0.0129 + 0.00437

f(lung,stom)
K\/_|ung_( (L/mln)
Pc

Vu_zeo (L) .
KmJung (L/mln)
Ke_rena|_ (L/mln)
P1

0.00564 + 0.00327
0.0165 + 0.000952
0.445 + 0.0295
0.0196 + 0.00779
0.0049 + 0.000868
0.798 £0.134
0.499 +0.164




FIG. 1. Schematic representation of the common basis for the physiologicaly based
pharmacokinetic models we used for a human male. The body is subdivided into
compartments describing organs or diffuse tissues. Nanoparticles or free technetium are

transported or transferred through the compartments.

FIG. 2. Time course of radioactivity of stomach lumen and urine for five human subjects,
based on Nemmar et a. data. We present model predicted data (lines) and actua data
Radioactivity is expressed as ratio of liver radioactivity. Black circles : Subject 1; white

circles: subject 2; crosses : subject 3; plusses : subject 4; squares : subject 5.

FIG. 3. Time course of radioactivity of blood for five human subjects, based on Nemmar
et a. data. We present model predicted data (lines) and actual data. Black circles : Subject

1; whitecircles : subject 2; crosses : subject 3; plusses : subject 4; squares : subject 5.
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