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ABSTRACT

Objective: Epidemiological studies indicate association between elevated air pollution and adverse
health effects. Several mechanisms have been suggested, including translocation of inhaled ultrafine
carbon (UFC) particles into the bloodstream. Previous studies in healthy subjects have shown no
significant pulmonary translocation of UFC-particles. This study aimed to assess if UFC-particles
translocate from damaged alveolar compartment in subjects suffering from chronic obstructive
pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF).

Methods: Eleven COPD and nine IPF subjects were exposed to a 100 nm UFC-particle-aerosol labeled
with Indium-111. Activity in the body was followed up for 10days using gamma camera planar-
imaging as well as in blood and urine samples.

Results: The pulmonary central to periphery activity ratio was significantly higher for COPD as compared
to IPF subjects at exposure, 1.8 and 1.4, respectively and remained constant throughout the test period.
Ten days after exposure, the estimated median pulmonary translocation of UFC particles was 22.8 and
25.8% for COPD and IPF, respectively. Bound activity was present in blood throughout the test period,
peaking at 24-h postinhalation with a median concentration of 5.6 and 8.9 Bg/ml for the COPD and IPF,
respectively. Median bound activity excreted in urine (% of inhaled) after 10 days was 1.4% in COPD and
0.7% in IPF. Activity accumulation in liver and spleen could not be demonstrated.

Conclusions: Our results suggest that UFC particles leak through the damaged alveolar barrier to
the bloodstream in COPD and IPF patients probably distributing in a wide spectrum of whole-body tissues.
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Introduction addition, there are several occupational groups that are
exposed to airborne particles daily in their profession, such
as firefighters, welders or in industrial production, making it
necessary to clarify the imposed risk of airborne particles to
be able to take appropriate health precautions.

In previous projects, our research group provided with a
new method to study translocation of UF carbon particles

by labeling UF carbon particles (generated in a modified

Epidemiological research has demonstrated an association
between exposures to polluted ambient air and adverse
health effects. Increased death rates have been reported after
long-term exposure to high levels of air pollution
(Rosenlund et al. 2006; Brook et al. 2010, 2018; Atkinson
et al. 2014; Mills et al. 2015; Beelen et al. 2014; ESC Heart

Failure Association, 2015). Long-term effects include devel-
opment of atherosclerosis (Brook et al. 2010; Mills et al.
2007), cardiovascular disease or stroke (World Health
Organization 2016). Furthermore, several studies (Brook
et al. 2010; Atkinson et al. 2014; Mills et al. 2015) have
reported that even a few days of exposure to acutely ele-
vated air pollution levels can cause adverse health effects
and even death. It is unclear whether these pathological
events are initiated locally in the lung by inducing systemic
inflammation, or if ultra-fine (UF) inhaled particles are
translocated to the bloodstream, causing inflammation or
activation of coagulation processes (Brook et al. 2010). In

Technegas® device) with Indium-111  (*!In-UEQC)
(Klepczynska-Nystrom et al. 2012; Sanchez-Crespo et al.
2011). "' In-UFC aerosol has two major advantages in com-
parison with Technegas aerosol, that is, aerosol labeled with
Technetium 99 m (Tc99m), their radioactive half-life is lon-
ger (2.8days compared to 6hours for Tc99m), and their
chemical stability is considerably better (the radioactive label
is more strongly bound to the carbon particle (Sanchez-
Crespo et al. 2011)). With this new method, we could show
that the translocation of '''In-UFC particles deposited in
the lungs was small (4.3%) in healthy subjects sevendays
after exposure (Klepczynska-Nystrom et al. 2012). However,
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it is reasonable to believe that there is a difference between
healthy subjects and those with injured alveolar air-blood
barriers, as for example in chronic obstructive pulmonary
disease (COPD) and idiopathic pulmonary fibrosis (IPF).
Hence, the aim of this study was to investigate if patients
suffering from COPD and IPF showed higher degree of
pulmonary translocation of UF particles as compared to
previously reported values in healthy individuals (Wiebert
et al. 2006; Klepczynska-Nystrom et al. 2012; Miller
et al. 2017).

Materials and methods

This study was approved by the regional ethics committee
(Dnr. 2015/178) and the hospital radiation protection com-
mittee of the Karolinska University Hospital. All subjects
participating in this study gave written informed consent.

Subjects

During 2015, 25 patients with COPD diagnosis, responded
to an advertisement in a local newspaper and were invited to
an initial information meeting. All participants underwent
pulmonary function testing (using spirometry). The subjects
meeting the criteria of lung function consistent with moder-
ate to severe COPD according to GOLD (Singh et al. 2019),
that is, airway obstruction with FEV1 <50% predicted
(Hedenstrom et al., 1985, 1986), were included in the study.
A total of 11 subjects met this criterion and additionally
underwent a diffusing capacity (DLCO) measurement.

Thirty randomly selected patients diagnosed with IPF at
Karolinska University Hospital according to international
guidelines  (American  Thoracic  Society, = European
Respiratory Society, Japanese Respiratory Society, and Latin
American Thoracic Society 2018), were invited to the study.
Nine patients chose to participate and underwent the same
pulmonary function testing as for the COPD group.

In this study, the subject’s degree of alveolo-capillary per-
meability to water soluble substances was characterized by
gamma camera measurement of the clearance of
Technetium-99m-diethylenetriaminepentaacetic acid (**™Tc-
DTPA) aerosol to the systemic circulation (Wollmer and
Evander 1994). The °°™Tc-DTPA aerosol was prepared
using a commercial kit (TechneScan DTPA; Mallinckrodt
Medical, Kansas City, MO, USA) and inhaled using a
SmartVent"™ aerosol generating system (Diagnostic Imaging
Limited, Welford, Great Britain). According to the manufac-
turer, the mass median aerodynamic diameter (MMAD) of
the delivered droplets was 1.3 um. Approximately 100 MBq
#MTc.DTPA were administered to each subject. **™Tc-
DTPA was administered under normal tidal breathing using
a mouthpiece and nose-clip and the subject lying in supine
position in the gamma camera couch. Directly after admin-
istration, the pulmonary retention of *’™Tc-DTPA was
imaged for 45 minutes, at a sampling interval of 60 seconds.
A two-headed gamma camera (Symbia T16, Siemens
Healthcare, Erlangen, Germany) equipped with low energy
high resolution parallel-hole collimators was used. A region
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of interest (ROI) covering both lungs was drawn and the
time activity curve (TAC) corresponding to the pulmonary
clearance of *™Tc-DTPA during the imaging period was
then obtained. The TAC was then decay corrected and fitted
to a mono-exponential equation from which the pulmonary
clearance half-life of > Tc-DTPA was obtained.

Indium-labeled UF particles generation and
subject exposure

The methodology followed in this work has been previously
described in detail (Sanchez-Crespo et al. 2011). A vial with
370 Megabecquerels (MBq) of '''In-hydrocloric acid was
obtained from Amersham (Braunschweig, Germany). The
hydrochloric acid was removed by evaporation. The oper-
ation was repeated by adding distilled water until neutral
pH was achieved. Thereafter, 99% ethanol was added to the
remaining Indium-111 as liquid carrier. About 0.14ml of
the resulting solution was placed in the graphite crucible of
a first generation Technegas generator (Cyclomedica,
Kingsgrove, Australia) modified to allow shorter burning
times and lower burning temperature and run with air
instead of argon, to cause the oxidation of the Indium-111
into In,O3, which is insoluble in water. The generator was
then operated with 1s burning time to generate '''In-UFC
with around 100nm count median diameter (CMD). As
previously described '''In-UFC aerosol tends to agglomerate
into larger particles after generation (Sanchez-Crespo et al.
2011), to minimize this process, the aerosol was diluted in a
70L flexible and aluminum coated bag of polyester film
(Mylar, Mono Content Group AB, Sweden), half filled with
clean air. Aerosol particle sizes and concentrations in the
bag were measured directly before and after patient expos-
ure using a Scanning Mobility Particle Sizer system (SMPS;
TSI, Incorporated Particle Instruments, Shoreview, MN,
USA) consisting of an Electrostatic Classifier 3080 (equipped
with a Differential Mobility Analyzer 3081) and a
Condensation Particle Counter 3022 A. A schematic presen-
tation of the particle generation and exposure setup is
shown in Figure 1. While wearing a nose clip subjects were
instructed to spontaneously breath from the mouthpiece
until an activity of approximately 5 MBq was reached as
measured with a radiation-protection proportional counter
LB 123 UMo (Berthold Technologies GmbH & Co Bad
Wildbad, Germany) against their back. A pneumotacho-
graph (Hans Rudolph Inc. USA) was used to continuously
monitor the breathing pattern during exposure to ensure
normal tidal breathing and measuring the total volume of
inhaled "''In-UFC aerosol.

To determine the percentage of free indium-111 activity
at exposure, a sample of the inhaled aerosol was collected
from the exposure bag on a 0.2pum pore size Teflon filter
(Pall Laboratory, Port Washington, NY, USA). The activity
in the filter was then measured in a 3-inch sodium iodine
well detector (Wizard Gamma Counter, PerkinElmer Inc.,
Waltham, MA, USA) with decay and background correc-
tions. Thereafter, the filter was placed inside of a dialysis
membrane tube (Spectrum Laboratories, New Brunswick,
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Figure 1. Particle generation and exposure setup. The Indium was manually loaded in the modified Technegas generator. After generation, the vacuum pump was
started sucking the aerosol into the Mylar balloon. After checking particle sizes via the sampling line, the manual valve was turned, and inhalations started and

quantified by the pneumotachograph.

NJ, USA) together with 10ml of 0.9% sodium chloride solu-
tion. The membrane tube was then submerged into 200 ml
of 0.9% sodium chloride equilibration buffer. The activity
concentration of free Indium-111 in the buffer was then
determined after 24 hours of equilibration, by measuring the
activity from a 20 ml buffer sample in the well counter. The
percentage of inhaled free Indium-111 was then calculated
as decay and background corrected total buffer activity in
percent of reference filter activity. This process was subse-
quently repeated throughout the entire follow-up period for
each subject to obtain an estimate of the chemical stability
of the 111In-UFC labeling.

For each patient, the pulmonary aerosol deposition frac-
tion (DF) was determined according to:

Ay
DF=1-— [ h/<vmthBag>] (1)

where Ag,, is the total exhaled activity collected in a Teflon
filter with 0.2um pore size, Vi, is the total volume of
inhaled aerosol (measured with a pneumotachograph) and
Ag,g is the activity concentration in the bag from sampling
1liter of the aerosol through a Teflon filter with 0.2 pm
pore size using a calibrated precision syringe (Harvard
Apparatus, USA). All filter activities were measured in a
dose calibrator (Capintec, INC, NJ, USA).

Pulmonary clearance of ultrafine particles,
quantification and biodistribution

The complete timeline for activity tracking is shown in
Figure 2. A two-headed gamma camera (Symbia T16,
Siemens Healthcare, Erlangen, Germany) equipped with
medium energy plane parallel-hole collimators, was used to
image the deposition and kinetics of '''In-UFC aerosol
activity distribution. Gamma camera image acquisition was
performed with the subjects lying in the supine position. A

10 minutes anterior and posterior planar images over thorax
and abdomen were simultaneously performed directly after
aerosol exposure, as well as at 2, 24, 72, 168- and 240-hour
postexposure (Figure 2) using a 256 x 256 image matrix
size. A 10minutes background image was also taken at
every visit and subsequently removed from the anterior and
posterior images by simple pixelwise subtraction. The back-
ground corrected anterior and posterior images were then
corrected for radioactivity decay with reference to exposure
time. Finally, the geometric mean image (GM) at a given
time ‘4 post aerosol inhalation was then pixel-wise calcu-
lated according to:

GM(t) = +/Anterior(t) x Posterior(t) (2)

Rectangular ROIs covering each lung were drawn on the
GM (t=0). These ROIs were then automatically subdivided
in three equal parts, the apical, middle and basal. The mid-
dle ROI was subsequently divided in two halves where the
central region (C) was defined as the subregion closest to
the Hilum at each lung and the periphery regions (P) the
remaining half plus the upper and lower thirds of the lungs.
The C and P-ROIs were subsequently used for quantifying
the UFC pulmonary retention throughout the entire test
period of 10days. TAC curves corresponding to the total
lung as well as in the C and the P ROIs, were then obtained
relative to the total activity deposition after exposure and
the corresponding Central-to-Peripheral ratios (C/P), nor-
malized to the difference in size between regions, calculated.
The temporal variation of C/P ratios provides with a surro-
gate for the effect of mucociliar transport from the central
airways to the total lung UFC clearance (Brown et al. 2002).

Translocated activity from the lungs was investigated in
blood and urine samples as well as in the abdomen using
gamma camera imaging. About 5ml of peripheral venous
blood was drawn at every subject visit to the hospital and
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Figure 2. Follow-up protocol after inhalation of an aerosol of ultrafine graphite particles labeled with Indium-111. Activity over the thorax and abdomen were
measured in subjects with a large field of view gamma camera. In vitro leaching tests were performed on a filtered sample of the original inhaled aerosol using a
dialysis membrane diffusion technique and a sodium iodine well chamber. Blood samples were drawn at every hospital visit and the activity concentration meas-
ured in a sodium iodine well counter. Total urine excretion between hospital visits were stored in separate containers and the total excreted activity measure in
combination with every visit to the hospital from day 2. Total activity excreted through urine was measured in a sodium iodine well counter.

total urine production in between visits were saved by the
subjects in a container and subsequently collected at each
visit to the hospital (Figure 2). Activity concentrations in
blood and urine were determined using a 3-inch sodium
iodine well detector, with background and decay correction
from aerosol exposure date. The total activity excreted
through the urine in-between subject visits to the hospital
was then calculated as the measured activity concentration
in urine times the total collected urine volume and
expressed as percentage of the initial activity deposited in
the lungs. The amount of free activity in blood and urine
samples was determined using the dialysis membrane diffu-
sion technique (Sanchez-Crespo et al. 2011). Dialysis tubes
filled with samples of blood or urine were submerged in an
equilibration buffer consisting of a 200ml, 0.9% sodium
chloride solution. The total activity in the equilibration buf-
fers was then measured after 24 hours of equilibration using
a sodium-iodine well detector. Free activity concentration
in the sample was then calculated as decay and background
corrected buffer activity divided by the sample volume. The
total amount of free activity in urine in-between subject vis-
its to the hospital was then calculated as the measured free-
activity concentration times the total volume of collected
urine and expressed as percentage of the initial activity
deposited in the lungs.

The image derived pulmonary TAC is measured relative
to the activity in the lungs after administration. Hence, it
represents the differential activity retention between aerosol
administration and each of the measured time points ‘. An
estimate of the cumulative pulmonary clearance of UFC par-
ticles (CI(t)), can then be obtained by correcting the TAC
for cumulative particle leaching (F(t)) according to:

Cl(t) = 100—(TAC(t) + F(t)) (3)

In this study, the cumulative free activity measured in
the urine was used as a surrogate for F(t). The F(t) was
then calculated by sequentially adding the decay corrected
total excreted free activity in urine from aerosol

administration to each of the sampling time points and
expressed as percentage of inhaled activity.

Statistical analysis

The Mann-Whitney U-test was used to test for statistical
differences between patient groups with regards to pulmon-
ary UFC deposition and clearance and pulmonary function
data. Median and interquartile range (IQR) were used as
descriptive statistics. To statistically analyze the CI(t)
between subjects and between groups, the values were inter-
polated to match the same sampling time-points as depicted
in Figure 2.

Results
Subjects

Table 1 shows no statistically significant differences between
groups regarding patient age, height and weight. COPD
patients showed significatively stronger smoking habits than
the IPF group (p=0.0008, Table 1). All subjects had
respiratory symptoms as well as impaired lung function
characteristic of the pathophysiology of their condition
(Table 1). Specifically, the COPD subjects in this cohort are
significantly more obstructive than the IPF subjects with
FEV1 well below 50% of predicted (p=0.0001, Table 1).
However, no statistically significant difference in diffusion
capacity was found between groups (Table 1). DTPA clear-
ance was significantly faster in the IPF group as compared
to the COPD (p=0.015, Table 1) and healthy individuals
(Bradvik et al. 2002).

UFC aerosol properties at exposure

Table 2 shows that the UFC particle characteristics at expos-
ure, with regards to aerosol count median aerodynamic
diameter and labeling efficiency was not statistically differ-
ent between groups. The aerosol generation was stable
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during the entire project with a pooled median (IQR) diam-
eter of 99.2nm (89.9 — 115.4nm) and with less than 0.2% of
free activity at exposure (Median (IQR) = 0.15%
(0.03 — 0.53%) for the pooled groups). Ten days after gener-
ation, the cumulative amount of free activity in saline
(median (IQR)) was as low as 1.6% (1.2 —3.5%) and 1.7%
(1.2 —1.8%) for the COPD (Table 3) and the IPF patients
(Table 4), respectively, demonstrating a very good chemical
stability. Table 2 shows that the deposition fraction, the
number of deposited particles relative to the total inhaled,
was higher in the COPD group as compared to IPF patients,
but statistical significance was not reached (p=0.07). Table

central airways was significantly higher in COPD patients as
compared to IPF, median C/P, 1.8 and 1.4 respectively
(p =0.008), indicating different UFC deposition pattern.

Measured activity biodistribution and estimated
pulmonary clearance of UFC particle

After aerosol inhalation the C/P ratio remained constant
during the entire follow-up period of 10days for both
patient groups (Tables 3 and 4). Further, Tables 3 and 4
show an overall rapid decline of the pulmonary retention of
activity in the lungs which was not statistically different

2 also reveals that the UFC particles deposition in the between patient groups.

Table 1. Patient clinical characteristics and pulmonary function data.

COPD (4 Female, 7 Male) IPF (n =4 Female, 5 Male) p-Value
Age (yrs) 75.0 (71.0 — 80.5) 76.0 (66.7 —81.2) ns
Height (cm) 174.0 (170.0 — 178.5) 169.0 (158.2 — 180.7) ns
Weight (kg) 79 (72.5 — 87.5) 75.0 (68.5 —82.0) ns
Smoking (PY) 40.0 (29.4 —44.0) 6.2 (49 —24.1) 0.0008
FEV; (% of predicted) 47.4 (40.3 — 66.5) 91.0 (78.0 — 94.0) 0.0001
FVC (% of predicted) 69.0 (66.4 — 98.8) 82.0 (77.0 — 99.0) ns
FEV1/FVC 73.6 (73.1—74.1) 72.0 (70.0 — 74.0) ns
DLco (% of predicted) 54.0 (53.0-63.7) 53.0 (47.0 — 54.0) ns
DTPA pulmonary clearance half-life (min) 59.1 (41.4 —84.8) 33.2 (23.9-487) 0.015

Values are median and interquartile range.

DLCO: diffusion capacity for carbon monoxide; DTPA: labeled diethylene triamine penta-acetate; FEV1:force expiratory volume; FVC:
force vital capacity; PY: cigarette exposure expressed as packs per year; ns: not significant. Lung function reference parameters from
Hedenstrom et al. 1985, 1986.

Table 2. 111In- UFC aerosol characteristics at exposure.

COPD (n=11) IPF (n=9) p-Value
UFC count median mobility diameter (nm) 97.9 (89.9 —100.2) 112.5 (95.7 — 119.5) ns
Free activity inhaled (%) 0.2 (0.1 —0.7) 0.1 (0.1 —-0.3) ns
UFC deposition fraction (%) 49.5 (28.4 —54.1) 22.1 (15.4 —30.0) ns
C/Py 1.8 (1.7 —2.0) 14 (14—-1.5) 0.008

Values are median and interquartile range.
C/Py: Central to peripheral ratio after exposure; ns: not significant.

Table 3. Measured time activity distributions for COPD patients.

Measured free activity
in saline (% activity

Measured cumulative activity excreted in urine

Measured lung (% activity deposited in the lung)

retention (% activity deposited in

Time after exposure (h) deposited in the lung) Cc/P Teflon filter) Bound Free

0 100 1.8 (1.7 — 2.0) 0.2 (0.0 — 0.4) - -

1.9 (1.7 —2.0) 98.2 (97.1 —99.0) 19 (1.7 —-1.9) 0.3 (0.1-0.5) - -

22.5 (21.5 —23.6) 93.8 (91.9—94.7) 1.8 (1.7 — 2.0) 0.5 (0.3 —1.6) 0.0 (0.0—-0.1) 0.1 (0.1-0.3)
70.8 (69.7 — 72.1) 89.4 (86.1 —91.3) 1.8 (1.7 —1.9) 0.8 (0.7 —2.4) 0.2 (0.1 —0.5) 0.6 (0.4—1.2)
167.1 (165.9 — 169.8) 82.4 (78.0 — 84.7) 1.8 (1.7 — 2.0) 1.1 (1.0 —3.0) 0.8 (03-1.7) 1.2 (0.7 — 2.6)
239.2 (236.6 — 239.8) 73.6 (70.1 — 77.2) 1.8 (1.7—1.9) 1.6 (1.2—-3.5) 1.4 (04 —1.8) 1.7 (09 —4.1)

Values are median and interquartile range.
C/P : Central to peripheral activity ratio. All data are decay corrected with reference to inhalation time.

Table 4. Measured time activity distributions for IPF patients.

Measured free activity
in saline (% activity

Measured cumulative activity excreted in urine (%

Measured lung activity deposited in the lung)

retention (% activity deposited in
Time after exposure (h) deposited in the lung) C/P Teflon filter) Bound Free

0 100 14 (14—-15) 0.1 (0.1 -0.2) - -

1.6 (1.5—-1.9) 97.9 (94.4 —99.1) 1.5(1.4-1.5) 0.1 (0.1 -0.2) - -
23.5 (23.1—-244) 92.7 (88.5—93.7) 1.5(14-1.6) 0.5 (0.3—-0.9) 0.0 (0.0 —0.1) 0.0 (0.0—0.1)
71.1 (70.5 — 72.3) 88.0 (82.6 —89.2) 1.5 (1.4 —1.5) 0.7 (0.4 —1.0) 0.1 (0.1—-10.3) 0.3 (0.2-0.3)
167.4 (166.5 — 168.9) 80.4 (76.1 —82.7) 1.6 (1.5—-1.7) 1.5 (0.6 —1.5) 0.3 (0.1 —0.6) 0.9 (0.5—-1.3)
238.9 (237.8 —239.6) 73.9 (67.5 — 74.6) 1.5(1.4—-1.6) 1.7 (1.2—-1.8) 0.7 (0.3 —-0.9) 1.2 (0.8—1.7)

Values are median and interquartile range.
C/P : Central to peripheral activity ratio. All data are decay corrected with reference to inhalation time.



Tables 3 and 4 reveal small amounts of free activity
excreted in the urine for both groups of patients throughout
the entire follow-up period. Ten days after inhalation, this
amount accounted for less than 2% of the total inhaled
activity in both groups which is comparable to the measured
free activity in saline from a sample of the administered
aerosol (Tables 3 and 4).

Figure 3 shows the calculated UFC particle clearance
from the lungs after free activity leaching correction
(Equation (3)) and interpolation to the same sampling-time
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Figure 3. Boxplots with the distribution of calculated cumulative pulmonary
particle clearance for the group of COPD and IPF patients. Individual values are
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points. Compared to previously reported values in healthy
individuals (Klepczynska-Nystrom et al. 2012), Figure 3
reveals a significant clearance of ultrafine particles from the
lungs in both groups of patients. Even though there is a
trend toward larger pulmonary ultrafine particle clearance
in IPF subjects, no statistical difference between groups was
observed (p=0.68). Ten days after exposure, the median
(IQR) cumulative pulmonary clearance of ultrafine particles
was 22.8% (20.8 —28.5%) and 25.8% (24.2—31.0%) for
COPD and IPF respectively as compared to 4.3% (mean) in
healthy individuals (Klepczynska-Nystrom et al. 2012).

Equal amounts of bound activity were found excreted in
urine in both groups of patients (Tables 3 and 4). At group
level, the cumulative amount of bound activity in urine
10 days postinhalation, was 1.4% and 0.7% of inhaled activ-
ity for COPD and IPF patients respectively. Figure 4 panel
A reveals that significative amounts of bound activity
crossed the alveolar barrier into the systemic circulation in
both groups of patients. Particle translocation was larger in
IPF patients as compared to COPD, median (IQR) concen-
tration at peak value of 8.9Bq/ml (8.0 —23.8Bg/ml) and
5.6Bq/ml (0.4 —12.4Bq/ml) respectively, although no
statistically significant difference was found (p=0.15). For
both groups of patients, bound activity in bloodstream peaks
at 24-h postinhalation followed by an exponential decline,
suggesting a particle translocation pattern represented by
the combination of a fast and a slow component. Figure 4
panel B reveals the presence of measurable amounts of
free activity in blood for both patient groups. Free
activity peaked at 24hours for the COPD group and at
72hours for the IPF group and corresponded to a median
(IQR) of 6.5Bg/ml (3.5—11.8Bg/ml) and 7.8Bq/ml
(1.7 — 11.5 Bq/ml), respectively (p =0.84).

None of the subjects in this study showed accumulation
of activity in the liver and spleen throughout the entire
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Figure 5. Gamma camera images corresponding to the aerosol follow-up in two representative subjects with high (upper row) and low (lower row) aerosol depos-
ition in the digestive tract after aerosol swallowing during exposure. The arrows indicate regions of activity deposition outside of the lungs after exposure.

follow-up period of 10 days. However, as shown in Figure 5,
gamma camera images taken directly after exposure,
revealed the transit of activity through the gastrointestinal
tract (GI) from mouth to stomach and intestines for some
of the subjects. For all these subjects, activity in the GI was
completely cleared during the first 72h post exposure,
which points to oral intake of activity at exposure and not
mucociliary transport as the most plausible origin for the
activity seen in the GI tract.

Discussion

In this study, we have investigated the pulmonary clearance
of UFC particles in a group of patients with affected lung
function. We have demonstrated that in COPD and IPF
patients there is a high degree of pulmonary clearance of
UFC particles, as compared to healthy volunteers (Brown
et al. 2002; Wiebert et al. 2006; Klepczynska-Nystrom et al.
2012; Miller et al. 2017). Interestingly, no statistically signifi-
cant difference in pulmonary UFC particle clearance
between IPF and COPD subjects was observed (Tables 3
and 4). This result is in contradiction to the significantly
different washout rate of DTPA aerosol and measured
DLCO between groups (Table 1). Regarding DTPA clear-
ance, transepithelial alveolar diffusion is the most important
transport mechanism (Rinderknecht et al. 1980) and is
driven by water concentration gradients and osmosis.
Instead, UFC particle translocation may capture the alveolar
epithelia barrier integrity. The lack of correlation between
UFC particle clearance and spirometry parameters reflecting
airway dimensions, such as FEV1 and FEV1/FVC ratio is
more understandable, as they reflect airways rather than
alveolar damage.

The negative health effect of nanoparticles is a continu-
ously evolving research area. However, human studies
including patients with impaired lung function are scarce.
Preclinical animal studies in this area are more common
and have previously shown that nanoparticles translocate
from the lung and accumulate in different organs. In
accordance with our results, a recent study by Miller at al
2017 wusing gold-nanoparticles demonstrated pulmonary

particle translocation and accumulation in vascular sites
with inflammation in both animals and humans. However,
it is possible that the mechanisms for pulmonary clearance
and extrapulmonary accumulation in our study might not
be the same considering the large methodological differences
between these two studies with regards to aerosol physical
properties and investigated subjects. Further, our study was
merely observational and was not designed to explain the
possible different mechanisms responsible for pulmonary
particle translocation as this involves the use of invasive
maneuvers such alveolar lavage and corresponding patho-
logical analyses. Hence, even though the relative importance
of monocyte activation and active transport by macrophage
to lymphatic vessels on the overall pulmonary clearance of
UFC particles in this study could not be studied, there are
some other more plausible mechanisms responsible for the
large difference in particle clearance compared to healthy
individuals (Klepczynska-Nystrom et al. 2012). These are
passive diffusion through damaged alveolar barrier and
mucociliary transport to the gastrointestinal tract. Although
not initially deposited in the ciliated airways to any great
extent, UFC particles could theoretically be transported by
macrophages from the respiratory bronchioles to terminal
bronchioles for subsequent clearance of the cilia. The more
active and numerous macrophages in both COPD and IPF
compared to healthy individuals may support this mechan-
ism. However, this is in contradiction to results by Moller
et al 2008, which showed a significative higher mucocilliary
transport of 100nm Tc99m-Technegas particles from the
airways of healthy individuals as compared to COPD
patients (Moller et al. 2008). This could be explained by
impaired ciliary function in the COPD group. In our previ-
ous study of healthy subjects, we reported a faster clearance
in the central parts of the lung in relation to peripheral.
However, in absolute terms UF particles cleared from the
lung by mucociliary transport was merely 2% of inhaled
(Klepczynska-Nystrom et al. 2012). These results are in line
with previous findings on impaired macrophage phagocyt-
osis of ultrafine particles in the peripheral lungs, (Renwick
et al. 2001; Lundborg et al. 2006; Geiser et al. 2008), favor-
ing a slow particle translocation into lung tissue and into



the vasculature). Extrapolating these results to our current
findings, if macrophage phagocytosis of UFC particles is
impaired in the P compartment, a constant C/P ratio necessar-
ily implies that the deposition of UFC particles in the tracheo-
bronchial part of the C compartment (where fast mucocilliary
transport occurs) is then very limited. Hence altogether these
results indicate that in our study mucocillary transport of UFC
particles did not play a relevant role, leaving passive transport
through the damage alveolar barrier as the most possible major
mechanism for UFC particle clearance. Alveolar damage has
different pathological origin in COPD subjects as compared to
IPF. In COPD, alveolar damage is mainly seen as emphysema
by destruction of alveolar septa, partially caused by protease/
antiprotease imbalance and inflammation (Demedts et al
2006) and in IPF, fibroblast activation leading to an increase
in extracellular matrix (ECM) and thickening of the alveolar
membrane (Kuhn and McDonald 1991). Interestingly, there
are indications that some factors of the pathogenesis are com-
mon for both diseases (Chilosi et al. 2012). A relationship
between increased ECM and higher degree of translocation
seems contradictory, but IPF is consistent with extracellular
matrix leaking out alveoli compartment (Ahluwalia et al.
2014). It would therefore be plausible that decreased integrity
could also lead to leakage of UFC particles into the blood.
Inflammation in COPD has been established both in the air-
ways and as a general systemic inflammation (Cosio et al.
2009). The role of the inflammatory system is debated for IPF,
mainly because anti-inflammatory treatment has failed (Raghu
et al. 2012), but there is evidence that macrophage activation
plays a role also in IPF (DI Stefano et al. 1998; Wynn and
Vannella 2016).

Tables 3 and 4 clearly shows an imbalance between the total
activity cleared from the lungs and the cumulative activity
found in blood and excreted through the urinary system. This
suggests that UFC particles cleared from the lungs may accu-
mulate in other organs of the body, typically in liver and spleen
(Miller et al. 2017). However, none of the subjects in this work
concentrated detectable amounts of activity in those organs,
suggesting a wider tissue distribution. The low amount of
inhaled activity in conjunction to the limited sensitivity of the
gamma camera and background radiation, limits the possibility
to trace these particles in the body outside the lung region. An
approximative value for the minimum detectable activity
(MDA) in the liver region can be derived using the Currie for-
mulation (Currie 1968). The minimum mean number of
counts needed to ensure a false-negative rate of 5% is;

N = 4.65%/Nyg + 2.71 (4)

where Ny, is the background count density over the liver
region. Assuming photon attenuation in liver with a 5cm
mean photon attenuation pathlength and an effective
attenuation coefficient of 0.135cm™" for Inlll, the attenu-
ation corrected minimum mean number of counts is then;

Nc = N x exp (0.135 * 5)

(Brook et al. 2018)
Finally, the MDA can be approximated by Nc/(t*c)
where ¢ is the measured planar imaging sensitivity for In111
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for the gamma camera used in this work with medium
energy collimators (5.8 cpm/kBq) and ‘¥ the acquisition
time. In our study, typical values for Ny, in the liver region
were about 7000 counts for a 10 minutes acquisition time,
which results in an MDA of 13.2 kBq. For a subject exposed
to 5 MBq the liver MDA corresponds to a UFC accumula-
tion of about 0.3% of inhaled.

As previously mentioned, animal studies have shown dif-
ferent degrees of translocation of particles from the lungs
(Takenaka et al. 2001; Oberdorster et al., 2002, 2004;
Kreyling et al. 2002, 2009; Semmler et al. 2004; Elder et al.
2006; Takenaka et al. 2006). However, extrapolation of the
results from animal studies to humans ought to be done
with caution. Animal studies allows higher particle concen-
tration which in some respects makes the experiment easier,
although high particle concentrations can affect the perme-
ability of the lungs (Donaldson et al. 2001). There are also
well-documented differences between species in how the
lung handles particles and that it is seldom possible to use
spontaneous breathing which also reduces the value of ani-
mal experiments (Geiser and Kreyling 2010).

A common complication in this type of studies is the
degradation of the isotope-particle complex. Hence, it is
essential to check the quality of the label to ensure that
labeled particles are measured and not free activity (Brown
et al. 2002; Wiebert et al. 2006; Ghio and Bennett 2007). In
this regard, translocation of free activity is most likely influ-
encing previously reported rapid clearance of radioactive
bound aerosol (Nemmar et al. 2002). In the current study,
we monitored free activity in samples of whole blood and
urine but also in vitro from a sample of inhaled aerosol in
saline. Although saline does not provide with the same
chemical environment as a lung lining fluid analog, it pro-
vides an indicative estimate of activity leaching. In this
work, we found that about 2% of the isotope is no longer
bound to UF particles in saline 10 days after generation
which is much lower than reported for Tc99m-UFC par-
ticles (Wiebert et al. 2006) and correlates very well with
measured free activity in urine shown in Tables 3 and 4.

In this study, the bound activity found in the urine sug-
gests renal clearance of UFC particles. However, the total
amount of bound activity excreted in urine accounted for a
small fraction of the total UFC particle cleared from the
lungs into the vasculature, suggesting that renal clearance is
limited by nanoparticle size. This has already been previ-
ously shown in a study by Choi CH et al 2011, demonstrat-
ing that only glomerular filtration of particles smaller than
10nm may incite renal clearance (Choi et al. 2011). The
presence of nanosized carbon particles in the urine has also
been demonstrated using an optical technique by Saenen
et al 2017. In this study, the authors demonstrated higher
amounts of carbon particles in urine in children living
closer to a main road (Saenen et al. 2017).

Study limitations

Compared to earlier results in healthy individuals, a large
portion of the inhaled UFC particles are cleared from the
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lungs in IPF and COPD patients. However, direct quantita-
tive comparisons between studies should be taken with cau-
tion due to possible methodological differences affecting
aerosol properties. Hence, the lack of a contemporary
healthy control group in our study can be considered as a
limitation. In the period 2009-2010, Klepczynska-Nystrom
et al exposed at our department a cohort of healthy individ-
uals to '"'In-UFC aerosol (Klepczyniska-Nystrom et al.
2012). Aerosol generation, exposure and follow-up was per-
formed with the same equipment and methods as in the
current study. Hence, it is plausible to assume that the aero-
sol in both studies share the same physicochemical proper-
ties. Further, this equipment is part of the clinical routine
equipment at the Department of nuclear medicine of the
Karolinska University Hospital, which is subject to thorough
periodic controls to ensure quality and stability in accord-
ance with local and international regulations. Hence, it was
not justifiable to expose a new group of healthy individuals
in conjunction to the COPD and IPF patients.

In this work we have assumed no differences in filter
trapping efficiency between free and particle bound activity.
The Teflon filters used throughout this work are known to
have about 95% particle collection efficiency for aerosols at
nanometer size (Huang et al. 2004; Burton et al. 2007).
Since aerosol sampling was performed with no added pres-
sures, it is most likely that free Indium-111 is caught in the
Teflon microfiber structure by diffusion with similar effi-
ciencies as particle bound activity. This assumption is sup-
ported by our results of the amount of inhaled free activity
of 0.2% (average for the pooled groups, Table 2) which
quantitatively is similar to the free activity cleared in the
urine 24hours post administration, 0.1% (average for the
pooled groups, Tables 3 and 4). Further a fast translocation
of free activity from the lungs into the bloodstream was
also observed in the first 2hours post aerosol inhalation
(Figure 4 panel B). The presence of outliers in Figure 4 pan-
els A and B most likely represent the interindividual vari-
ability of the data rather than methodological errors and
therefore were not rejected from the analysis.

The experimental setup of this study did not allow for
determination of the differential regional deposition of the
aerosol at different particle sizes. This would have required
a different aerosol exposure system and monitoring tech-
nique including aerosol sampling at every patient breath
with synchronized gamma camera dynamic imaging. Future
studies to determine the site of deposition and clearance in
the lung at different ultra-fine particles sizes should there-
fore be performed in different groups of patients and
healthy individuals.

Conclusions

The good chemical stability of the aerosol and the constant
C/P ratios indicate that the measured fast decline of activity
in the lungs of COPD and IPF patients truly reflects particle
translocation, most probably through damaged alveolar bar-
rier. Yet this translocated bound activity could not be
accounted for by the measured activity in blood and urine

nor could it be imaged in liver and spline. The limited
gamma camera sensitivity at low levels of activity concentra-
tions suggests that in our study UFC may accumulate into a
wide whole-body tissue distribution.
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