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ABSTRACT: Nebulized aerosols are commonly used to deliver drugs for the
treatment of respiratory disease in children, but there are inadequate data on the
dose of drug depositing in the lungs in this age group, and the effect of age on this
dose. We therefore aimed to quantify total and regional deposition of nebulized
aerosol in children of widely differing age.

Twelve infants (median age 0.8 yrs, range 0.3—1.4 yrs) who were asleep, and eight
older children (median age 10.8 yrs, range 6.3-18.0 yrs) with cystic fibrosis were
studied. Radiolabelled normal saline aerosol was generated by a Turret nebu-
lizer, with a driving flow of 9 I'minl. All subjects inhaled aerosol via the nasal
route, whilst the older children undertook a second study with inhalation via the
oral route. Following aerosol inhalation, planar and single-photon emission com-
puted tomography (SPECT) scans were obtained.

For the nasal route, total lung deposition was lower in infants (median 1.3%,
range 0.3-1.6%) than in older children (median 2.7%, range 1.6-4.4%). For the
older children inhaling via the nasal or oral route, there was no influence of age on
lung, upper respiratory tract, or the sum of upper respiratory tract and lung
deposition.

We conclude that the dose of a nasally inspired aerosol reaching the lungs of
infants who are asleep is approximately half that for older children, when the
nebulizer is operating at 9 'minl. Age does not affect deposition of nasally or orally
inspired aerosols in older children.
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Nebulized aerosols are commonly used to deliver drugs
to children's lungs. However, data on dose of drug
depositing in the lung in children are sparse, and there
is no consistent approach to calculation of the dose of
aerosolized agents. Some drugs are delivered with the
same concentration in the nebulizer solution for children
of all ages, whereas others are given according to a
weight-corrected concentration [1].

Inspiratory flow measurements by CoLLis et al. [2]
demonstrated that the inspiratory flow of children over
approximately 1 yr of age is likely to exceed nebulizer
flow. This suggests that beyond infancy, all children
will inhale the entire nebulizer output during inspiration
and, therefore, inspire the same dose. The inspiratory
flows of young infants are usually less than nebulizer
flow [2], and all the available nebulizer output during
inspiration cannot be inspired, resulting in a lower dose.

Mathematical models based on morphometric data
have been used by many investigators, including Yu and
Xu [3], PHALEN and co-workers [4, 5], and HOFMANN et
al. [6, 7], to predict deposition patterns in children, but
there have been no adequate in vivo studies addressing

the influence of age on aerosol deposition in children.
To allow more rational aerosol dosage regimens for
clinical and research purposes in children, knowledge of
total and regional deposition at different ages is essential.
This information is especially important in children with
cystic fibrosis, because nebulized antibiotics are now
commonly relied upon for both acute and long-term
therapy, and new therapeutic modalities, such as recom-
binant human deoxyribonuclease thDNase [8] and gene
therapy [9], are rapidly being developed.

We, therefore, aimed to quantify deposition in chil-
dren with cystic fibrosis from infancy to late adolescence.

Methods

Twelve infants and eight older children with cystic
fibrosis were recruited from Princess Margaret Hospital
for Children. The seven male and five female infants
had a median age of 0.8 yrs (range 0.3—1.4 yrs) and mean
forced expiratory volume in 0.5 s (FEV, ;) of 88% predic-
ted (range 67-105%; n=11). The three male and five
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female older children had a median age of 10.8 yrs
(range 6.3—18.0 yrs) and mean forced expiratory vol-
ume in one second (FEV,) of 101% predicted (range
70-120%; n=8). Children aged 1.5-6 yrs were not
included, because it would have been difficult to adhere
to the study protocol and induce sleep in this age group.
We chose subjects who were clinically well at the time
of the studies and had normal or near normal lung func-
tion. The study was approved by the Medical Ethics
Committee of Princess Margaret Hospital for Children,
and written, informed consent was obtained from the
parents, and subjects where appropriate, before the stud-
ies were undertaken.

Radiolabelled normal saline (0.9% with 15mCi of
“mtechnetium bound to diethylenetriamine penta-acetic
acid (DTPA) (Amerscan Pentetate II, Amersham, UK))
was delivered by a Turret (Medic-Aid Ltd, UK) nebulizer
(modified to prevent radioactive aerosol leakage into
room air). The breathing circuit consisted of a Y-piece,
an inspiratory limb with a one-way Hans Rudolph valve
(Hans Rudolph Inc., Kansas City, Mo, USA), an expiratory
limb with one-way Hans Rudolph valve and an abso-
lute Barrier-Bac filter (DAR, Mirandola, Italy), and a
facemask or mouthpiece. If the inspiratory flow of the
subject exceeded nebulizer flow, air was entrained via
the inspiratory limb at one arm of the Y-piece. Expired
air entered the expiratory limb at another arm of the Y-
piece and radioaerosol was trapped by the absolute filter.
The facemask or mouthpiece was attached to the third
arm of the Y-piece. The nebulizer was driven by com-
pressed air at 9 /'min! to produce a respirable aerosol
[10], which entered the Y-piece where the three arms
joined. The compressed airflow was fixed for all ages,
because this would be the case in the usual clinical set-
ting. Aerosol particle size of the radiolabelled normal
saline used in the study (after decay of the isotope) was
determined in the stream emerging from the circuit by
a Malvern 2600 HSD laser particle analyser (Malvern
Instruments, Malvern, UK); mass median aerodynamic
diameter (MMAD) was 2.3 pm and the geometric standard
deviation (Gsp) was 2.3.

Protocol for infants

The infants were induced to sleep with oral chloral
hydrate (80 mg-kg') on two occasions. Sleep was induced
because a crying and struggling infant would not toler-
ate the study protocol and a good seal would not be
obtained, resulting in some of the nebulizer dose not
being inhaled and contamination of the atmosphere by
radioactivity.

On one visit, FEV ¢ was measured using the raised
volume rapid thoracic compression technique [11], after
physiotherapy was performed. The other visit was for
the deposition study. The breathing circuit was arranged
to enable the infants to inhale the aerosol in the supine
position. The aerosol emerging from the "infant" circuit
had a MMAD of 3.0 pm and a Gsp of 2.1, i.e. the aerosol
had similar characteristics to that from the circuit for the
older children.

A transmission scan was performed on one visit,

before aerosol inhalation, to determine lung outline
and to allow correction for lung attenuation [12]. The
subject lay on the tomography bed with a flood source
beneath it; prone and supine lung scans were obtained
and the geometric mean of the counts calculated. Another
scan was obtained without the subject. The square root
of the ratio of the counts obtained without the subject
to the geometric mean of the counts with the subject
provided the attenuation correction factor.

Four ml of 0.9% saline with 15 mCi of *"Tc-DTPA
were placed in a nebulizer. The nebulizer was driven
by compressed air driven at 9 /'min. Infants inhaled
this aerosol during tidal breathing in the supine position
via a mask with a good seal for only 2 min, as longer
inhalations tended to cause them to stir. Whether or not
the mouth was open during nebulization was recorded.

Protocol for older children

On one visit, a mouthpiece was used, and on another
a mask with a good seal was used with nose-breathing
with mouth closed. On each visit, physiotherapy was
performed before baseline FEV, was measured with a
Morgan spirometer (Morgan Instruments, Andover, MA,
USA) [13]. A transmission scan was obtained as describ-
ed for the infants, before aerosol inhalation.

Four ml of the radiolabelled 0.9% saline were placed
in a nebulizer. The nebulizer was driven by compressed
air at 9 ['min’'. Subjects inhaled this aerosol with tidal
breathing in the sitting position for 4 min. No attempt
was made to control breathing pattern. For all studies,
immediately following the aerosol inhalation, a mouth
gargle was performed.

Protocol for infants and older children after nebulization

Planar scans of the pharynx, lungs (prone and supine
scans) and stomach were then obtained by gamma
camera (Siemens Gamma Sonics, Inc., Des Plaines, I,
USA) and the deposition images stored on computer.
The lung outline from the transmission scan was super-
imposed on the planar deposition images for analysis.

Three-dimensional distribution in lungs was assessed
using single-photon emission computed tomography
(SPECT) scanning; 64 views were obtained by rotating
the gamma camera 360° around the subject, which took
16 min.

The breathing circuit was dismantled, sealed and the
parts placed in templates, which were then put on the
gamma camera for counting. The nebulizer and absolute
filter were counted on the following day, as the activity
was too high to be counted accurately by the camera
on the study day. All counts were corrected for decay.
Activity was calculated using a calibration factor of
6,475 counts per second (cps)-mCi!, which was derived
by obtaining the counts on the gamma camera of a
range of known activity measured in the dose calibrator.
The radioactivity output by the nebulizer was the difference
between the original activity of the solution placed in
the nebulizer bowl and the residual activity remaining
after nebulization.
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Total lung deposition

The counts were obtained from the planar scans. The
trachea was not included, because activity in the oeso-
phagus could not be differentiated from activity in the
trachea. Absolute activity in the lungs was derived from
the equation by Macey and MarsHaLL [12]: T = G/E
\/(No/Nl); where T = activity in lungs (mCi), G = geometric
mean of counts-s' corrected for background and decay
(cps), E = efficiency factor of camera and collimator
(cps'mCi'), \/(N()/Nl) = attenuation correction factor
(where No = cps with no subject, and N, = cps with
subject). Total deposition was expressed as a percentage
of nebulizer output and not as absolute activity, because
nebulizer output is variable [14].

Regional lung deposition

Two penetration indices were obtained: one from the
planar scans, and the other from the SPECT scans. The
penetration index (PI) was defined as the ratio of cps-pixel
in the peripheral region to that in the central region. The
peripheral region was a peripheral rim, the thickness of
which was 0.2 of the lung height. The central region at
the medial border was 0.5 of the lung height and 0.5 of
the lung width [15]. The right lung was used to calculate
the PI. The left lung was not used, because the activity
in the stomach would affect the PI [15]. The trachea
was excluded, because activity in the oesophagus would
also affect the PI

o
b
Fig. 1. — Reconstructed a) coronal and b) transverse images of single-

photon emission computed tomography (SPECT) scan on subject No.
14 for aerosol inhaled via the nasal route. Right lung is outlined.

The coronal and transverse images of the SPECT scans
were reconstructed (fig. 1). The PI was obtained from
the central slice (equal to 0.4 of the lung depth for the
coronal slice, and 0.5 of the lung height for the transverse
slice) [15].

The absolute activity in the central and peripheral
regions of the planar scans was derived proportionately
from the counts in these regions and the counts and
absolute activity in the right lung.

Deposition in the upper respiratory tract, oesophagus
and stomach ("head") was obtained by subtraction: ac-
tivity placed in nebulizer minus activity in equipment
postnebulization minus lung activity.

Polynomial curves were plotted with the best-fit
polynomial regression equation. Statistical significance
was accepted at the 5% level.

Results

The results of the studies are presented in table 1. A
total of 28 deposition studies were performed on 20
subjects.

Inhalation via the nasal route

Twenty studies were carried out on the 12 infants and
eight older children. We found that the infants inhaled
via the nasal route, whether or not the mouth was open,
because the scans did not reveal deposition in the oral
cavity. There was an effect of age on total lung de-
position (fig. 2): the median lung deposition was 1.3%
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Fig. 2. — The effect of age on lung deposition for aerosol inhaled via
the nasal and oral route. A: infants via nasal route; @: older children
via nasal route; O: older children via oral route. Median lung deposition
for nasal inhalation was 1.3% (range 0.3—-1.6%) in infants compared
to 2.7% (range 1.64.4%) in older children. Median lung deposition
for oral inhalation was 6.0% (range 4.9-9.1%) in older children.
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Table 1. — Deposition data for nose breathing and mouth breathing
Subject Age "Head" & "Head" Lung RAc RAp PI pl PI SP
No. lung
yrs % % % % %
Nose breathers
1 0.3 71.5 71.1 0.4 0.12 0.05 0.49 0.45
2 0.3 45.1 44.5 0.6 0.19 0.07 0.39 0.58
3 0.3 50.0 48.4 1.6 0.43 0.27 0.42 0.43
4 0.4 85.0 84.7 0.3 0.07 0.04 0.51 0.50
5 0.5 44.2 43.0 1.2 0.31 0.19 0.48 0.44
6 0.8 58.6 57.3 1.3 0.30 0.19 0.64 0.53
7 0.8 42.5 41.1 1.4 0.38 0.18 0.43 0.57
8 1.2 - - 0.5 0.08 0.08 0.76 -
9 1.2 42.7 40.6 2.1 0.49 0.29 0.58 0.63
10 1.2 48.4 46.8 1.6 0.53 0.32 0.54 0.55
11 1.4 70.3 69.0 1.3 0.33 0.17 0.47 0.48
12 1.4 40.7 38.8 0.9 0.51 0.51 0.48 0.55
13 6.3 - - 2.3 0.48 0.52 0.67 0.46
14 7.5 63.0 59.4 3.6 1.04 0.68 0.72 0.67
15 9.5 70.9 69.3 1.6 0.36 0.27 0.70 -
16 10.5 46.0 44.2 1.8 0.43 0.35 0.64 0.65
17 11.0 24.1 19.7 4.4 1.20 0.60 0.49 0.53
18 11.5 60.4 56.9 3.5 0.94 0.56 0.55 -
19 15.3 32.8 30.5 2.3 0.75 0.22 0.29 0.53
20 18.0 66.5 63.5 3.0 0.62 0.37 0.56 0.55
Mouth breathers
13 6.3 43.1 37.0 6.1 1.40 1.37 0.60 0.53
14 7.5 42.1 36.2 5.9 1.89 1.09 0.54 0.52
15 9.5 54.7 49.4 5.3 1.29 0.79 0.59 0.54
16 10.5 - - 9.1 2.28 1.50 0.55 0.39
17 11.0 - - 6.4 1.82 1.07 0.58 -
18 11.5 35.7 30.1 5.6 1.55 0.99 0.57 0.53
19 15.3 40.5 33.4 7.1 2.00 0.95 0.49 0.53
20 18.0 20.5 15.6 4.9 1.00 0.59 0.57 0.65

"Head": calculated upper respiratory tract, oesophagus and stomach activity expressed as a percentage of nebulizer output;
Lung: activity in the lungs expressed as a percentage of nebulizer output; RAc: activity in central region expressed as a
percentage of nebulizer output; RAp: activity in peripheral region expressed as a percentage of nebulizer output; PI pl:
penetration index from planar scan; PI SP: penetration index from single-photon emission computed tomography (SPECT)

scan; -: data missing due to technical difficulties.
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Fig. 3. — Penetration index (PI) from planar scans for aerosol inhaled
via the nasal route. A: infants; @: older children.
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Fig. 4. — Penetration index (PI) from single-photon emission computed
tomography (SPECT) scans for aerosol inhaled via the nasal route. A:
infants; @: older children.
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(range 0.3—1.6%) in infants compared to 2.7% (range
1.6-4.4%) in older children (p=0.0001). The relationship
between total lung deposition and age was similar to
that between lung deposition and weight (p=0.0002),
height (p=0.0001) and body surface area (p=0.0001).
There was a similar relationship between age and deposi-
tion both for central (p=0.0008) and peripheral (p=0.005)
deposition. There was no significant effect of age on
upper respiratory tract, or the sum of upper respiratory
tract and lung deposition.

Aerosol deposition from calculating penetration indices
from planar (PI pl) and SPECT (PI SP) scans did not
change significantly with age (figs. 3 and 4). The median
PI pl for the infants was 0.49 (range 0.39-0.76) compared
to a median of 0.63 (range 0.29-0.70) for the older
children. The corresponding values for PI SP were 0.53
(range 0.43-0.63) and 0.54 (range 0.46-0.67), respectively.
There was no correlation between percentage predicted
FEV,, and FEV, and lung deposition.

When the infants and older children were analysed
separately, there was no influence of age on lung, upper
respiratory tract, or total deposition.

Inhalation via the oral route

Studies were performed on eight older children (table
1). There was no influence of age on lung (fig. 2), upper
respiratory tract, or the sum of upper respiratory tract
and lung deposition.

Discussion

We have established that the dose of a nasally inspi-
red aerosol reaching the lungs in infants who are asleep
is approximately half that for older children, when the
nebulizer is operating at 9 /'min'. Age does not affect
deposition of nasally inspired aerosols in infants as a
group, nor does it affect deposition of nasally or orally
inspired aerosols in older children.

Previous data in this area have been limited to in vitro
studies derived from calculations from morphometric
measurements, an in vivo study with potential methodo-
logical problems, and an in vivo study in older children.
An example of an in vitro study is the work of Yu and
Xu [3], who used an anatomical lung model formulated
mathematically from available physiological and mor-
phmetric data. They predicted that lung deposition would
increase from birth, peak at 2 yrs of age and then gradually
decline. Since many assumptions are involved in analyses
such as these, their validity is difficult to assess. In their
in vivo study, ALDERSON et al. [16] assessed radioisotopic
aerosol deposition in 11 children with cystic fibrosis, and
found a linear relationship between lung deposition and
age. The age range studied was not broad: the youngest
child was 1.1 yrs compared to 0.3 yr in the present
study, and it has been calculated that the dose inhaled
at the airway opening increases with age only in the first
year of life [2]. The route of inhalation was not noted
in the study by ALDERSON et al. [16]; some of their subjects
may have inhaled nasally and some may have inhaled

orally, and it is difficult to assess the effect of this on
the results because the route of inhalation will affect lung
deposition [17]. The apparent discrepancy in the findings
in the older children between the study by ALDERSON et
al. [16] and the present study may be due to the relatively
small number of subjects in both studies. O'DOHERTY et
al. [18] reported lung deposition of radiolabelled nebu-
lized pentamidine in six children aged 8-11 yrs, six
teenagers aged 12-15 yrs and six adults aged >18 yrs
with human immunodeficiency virus infection. The
subjects inhaled the aerosol from a mouthpiece for 40
min. Mean lung deposition as a percentage of nebuli-
zer output was similar in the children, teenagers and
adults. The findings of O'DoHERTY et al. [18] concur
with the findings on older children in the present study.

In the current study, we aimed to assess deposition
using a commercially available nebulizer run as it would
be in a typical clinical or research application. We chose
the Turret nebulizer because of its excellent output and
droplet characteristics [10, 19]. It was driven at 9 /'min!
to obtain a respirable aerosol [10]. Other nebulizers and
circuits are likely to provide different values for deposition.
Since the Turret device generates relatively small
droplets, nasal and central airway deposition should be
less and peripheral deposition more with this device
than with most other nebulizers. The Turret nebulizer
was driven at 9 ['‘min"! for all subjects, because the aim
was to assess deposition in routine clinical practice. If
driving pressures are adjusted according to age, a low
driving pressure would be required for infants, and this
would result in aerosol particles which are less respi-
rable.

For nasally inspired aerosols, lung deposition was lower
in infants than in older children. This could be due to
infants having lower inspiratory flows and, thus, inhal-
ing only part of the nebulizer output, in contrast to the
older children who would be inhaling the entire nebulizer
output [2]. There was no effect of age on lung depo-
sition when the infants and older children were analysed
separately. The findings for the infants are different from
those of CoLLis ef al. [2], who calculated that the dose
inhaled at the airway opening increases with age in the
sleeping infant in the first year of life. The findings for
the older children are consistent with the predictions of
CoLuis et al. [2] for older children. The apparent discre-
pancy in the findings for the infants between the present
study and the study by CoLLis et al. [2] may be due to
methodological differences: CoLLis et al. [2] measured
inspiratory flows and calculated the dose inhaled at the
airway opening. We hypothesize that the reduced lung
deposition in infants is due to the smaller noses of infants
acting as better filters.

The data on orally inspired aerosol from the present
study demonstrated that there was no significant change
in lung, upper respiratory tract, and the sum of upper
respiratory tract and lung deposition between 6 and 18
yrs. These data are also in accordance with the pre-
dictions of CoLLis et al. [2]. However, the number of
subjects aged 6—18 yrs was small.

In the current study, aerosol distribution was not
affected by age. From available knowledge of factors
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affecting distribution of deposition, predictions of the
effect of age on deposition would be difficult. For
example, smaller airways in younger children would
favour central deposition by impaction, but the lower
flows would decrease impaction in central airways, and
decreased residence time would tend to decrease periphe-
ral deposition by reducing diffusion and sedimentation.
The infants inhaled the aerosol in the supine position,
and this position has been shown to result in more un-
iform distribution in the lungs compared to the upright
position [20, 21]. Therefore, if infants have relatively
central distribution when they inhale aerosol in the erect
posture, this may not be demonstrated when the aerosol
is administered in the supine position.

A finite amount of clearance of radiolabel will occur
during the time taken to perform the SPECT scan. The
mean elimination constant for "Tc-DTPA in normal
subjects is 0.8%-min"', and clearance is faster from the
peripheral region compared to the central region of the
lung [22]. However, the planar scans which were obtained
immediately after inhalation of radioaerosol did not
show more peripheral deposition compared to the
SPECT scans which were obtained following the planar
scans; this suggests that peripheral clearance during the
SPECT scans was not significant.

No correlation between nasal deposition and age was
found in this study. The study of nasal deposition by
BECQUEMIN et al. [23] on children aged more than 5 yrs
arrived at the same conclusion. An explanation for these
findings is that the lower inspiratory flows in infants li-
mit the mass of aerosol entering the nose, but this is
counteracted by the smaller noses of infants being more
efficient filters. Yu and Xu [3] predicted that nasal
deposition is greatest at birth and decreases with age.
The findings of the present study may also be compati-
ble with theirs, as their calculations were based on a
given mass of aerosol entering the nostrils, and, as not-
ed, the infants in the current study are likely to have
inspired a lower aerosol mass than older subjects [2].
However, the deposition values for the upper respira-
tory tract were very high in a number of subjects.

Deposition in the upper respiratory tract was not
measured directly, but was obtained by subtraction. This
means that the nasal deposition data would have been
affected by the cumulative errors inherent in the radio-
nuclide technique. Attenuation correction of the counts
obtained in the upper respiratory tract would allow more
accurate determination, but a transmission scan of the
upper respiratory tract would have incurred additional
radiation exposure to the subject. The cumulative errors
include: 1) variation in the measurement of the radio-
active dose; 2) variation in the rate of clearance of radio-
label [22]; 3) variation in the measurement of counts by
the gamma camera [14]; 4) variation in the methods used
to calculate deposition (including method used for
correcting tissue attenuation) [14]; and 5) intersubject
variability [24, 25].

As the subjects in the current study had cystic fibrosis,
the data on the influence of age obtained for these chil-
dren may not simulate data which would be obtained in
normal subjects. However, most of the subjects had

normal or supranormal lung function, and none had
nasal polyps or were unwell when the studies were
performed.

This data should be of use in helping to formulate
more rational dosage schedules for inhaled drugs in
children. As lung deposition does not increase between
6 and 18 yrs, a 6 year old child would, therefore, have
the same lung deposition as an 18 year old for a given
nebuliser dose; this could mean that a 6 year old child
would be more likely to experience side-effects for toxic
agents. Therefore, in order to deposit a given mass of
drug in a given volume of lung, nebulizer solution drug
concentrations need to be directly related to the size of
the child. Similarly, nebulizer solution drug concentrations
should be directly related to the size of an infant aged
up to 1.5 yrs. However, the infant who is asleep will
receive only half as much drug for a given volume of
lung, and this could account for some treatment fail-
ures. Therefore, nebulizer solution drug concentrations
which are directly related to the size of the infant need
to be doubled. Further studies need to be performed to
determine if this conclusion is applicable to infants who
are awake. Children between 1.5-6 yrs need to be studied
before recommendations on dosage adjustments can be
made. However, these studies are likely to be difficult
to perform in infants who are awake and children aged
between 1.5 and 6 years because of the lack of co-
operation. Further studies with children with cystic
fibrosis who have severe lung damage may be necessary,
as aerosol deposition and distribution are likely to be
affected by the degree of lung involvement.
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