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ELSEVIER 

Comparisons of Calculated Respiratory Tract 
Deposition of Particles Based on the Proposed 

NCRP Model and the New ICRP66 Model 

Hsu-Chi Yeh," Richard G. Cuddihy, Robert F. Phalen, and 
I-Yiin Chang 

INHALATION TOXICOLOGY RESEARCH INSTITUTE, P.O. BOX 5890, ALBUQUERQUE, NM 

87185 (H.-c.Y.); RETIRED, ALBUQUERQUE, NM 87109 (R.G.c.); UNIVERSITY O F  

CALIFORNIA AT IRVINE, IRVINE, CA 92717 (R.F.P.); INSTITUTE FOR IIEAIII'H AND 

POPULATION RESEARCH, THE LOVELACE INSTITUTE, 1650 UNIVERSITY ~ 1 . ~ 1 ) .  NE, #302, 
ALBUQUERQUE, NM 87102 (I-Y.c.) 

ABSTRACT. Task Groups of the National Council on Radiation Protection and 
Measurements (NCRP) and the International Commission on Radiological Protec- 
tion (ICRP) have independently revised respiratory tract dosimetry models of 
inhaled radioactive aerosols. Both models contain modules for calculating inhaled 
particle deposition. In this report, the deposition of particles in the respiratory tract 
was calculated based on both the NCRP and the ICRP66 models, under the same 
particle size distribution, lung volume, and breathing conditions. The results indi- 
cate that the largest discrepancy between the two models is for ultrafine particles, 
where the ICRP66 model predicts a lower tracheobronchial deposition and a higher 
pulmonary deposition than the NCRP model. This difference is attributed to the 
fact that the ICRP66 model does not take into account the enhanced diffusional 
deposition due to the effect of the entrance configuration of a bifurcation. This may 
have significant implications on dose estimates of inhaled ultrafine particles, includ- 
ing radon and radon progeny. AEROSOL SCIENCE AND TECHNOLOGY 25:134-140 
(1996) 

INTRODUCTION 
Task Groups of the National Council on 
Radiation Protection and Measurements 
(NCRP) and the International Commission 
on Radiological Protection (ICRP) have 
been independently reviewing and revising 
respiratory tract dosimetry models for in- 
haled radioactive aerosols. The newly pro- 
posed NCRP respiratory tract dosimetry 
model (Phalen et al. 1991) represents a 

* Corresponding author. 

significant change in philosophy from the 
old ICRP Task Group model (Task Group 
on Lung Dynamics 1966; ICRP 1979). The 
proposed model describes respiratory tract 
deposition, clearance, and dosimetry for ra- 
dioactive substances inhaled by radiation 
workers and the general public. The model 
is expected to be published in 1996 (NCRP, 
in press). In support of the NCRP proposed 
model, computer software (NCRP/ITRI 
model) is being developed at our Institute 
(Chang et al. 1991; Phalen et al. 1991; Yeh 
1991). Although this software is still incom- 
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plete, the deposition module of the soft- 
ware is complete and can be used to calcu- 
late inhaled particle deposition within the 
respiratory tract. Recently, the ICRP pub- 
lished their new dosimetric model for the 
respiratory tract, ICRP66 (ICRP 1994). 
Based on ICRP66, the National Radiologi- 
cal Protection Board of the UK developed 
a PC-based software, LUDEP (version 1 . Q  
for calculating particle deposition and 
internal doses (Jarvis et al. 1994). The pur- 
pose of this report is to compare the calcu- 
lated respiratory tract deposition of parti- 
cles based on these two models, under the 
same particle size distribution, lung vol- 
ume, and breathing conditions. 

METHODS 
The NCRP/ITRI deposition model is based 
on the model of Yeh and Schum (1980). In 
this model, the respiratory tract is divided 
into three main regions: the naso-oro-phar- 
yngolaryngeal (NOPL), tracheobronchial 
(TB), and pulmonary (PI regions. The ma- 
jor modifications to the Yeh and Schum 
model (1980) are briefly described as fol- 
lows: 

1) Nasal and oral deposition: Data for ul- 
trafine particles became available during 
the last ten years. Because the struc- 
tures in the nasopharyngeal region are 
extremely complex, empirical equations 
are often used to calculate nasopharyn- 
geal deposition. For particle diameters 
> 0.2 pm, measurements of nasal and 
oral deposition have been reported. 
These data, summarized by Yu et al. 
(19811, were fit by log-logistic functions 
and can be written as: 

(assumed if no other information), (4) 

where N, and N, are the nasal deposi- 
tion efficiencies during inspiration and 
expiration, respectively; Oi and 0, are 
the oral deposition efficiencies during 
inspiration and expiration, respectively; 
p is the particle density (g/cm3); d is 
the particle diameter ( pm); and Q is 
the average flow rate (cm3/sec). For 
particle diameters < 0.2 pm, data from 
Cheng et al. (1988, 1990, 1991) and Ya- 
mada et al. (1988) were used. These can 
be written as (Cheng et al. 1990, 1991): 

where D is the diffusion coefficient 
(cm2/s) of the particles. 
Inhalability: Before particles can deposit 
in the respiratory tract, they must be 
inhaled from the ambient air. It follows 
that particles that do not enter the nose 
or mouth are unavailable for deposition. 
Inhalability is defined as the fraction of 
the suspended material in ambient air 
that actually enters the nose or mouth 
with the volume of air inhaled. For the 
NCRP/ITRI model, the inhalable frac- 
tions defined by the American Confer- 
ence of Governmental Industrial Hy- 
gienists (ACGIH, 1985) were adopted: 

for 0 < d,, 2 100 p m  (9) 

where E is the fraction of ambient air- 
borne particles that are inhalable and 
d,, is the particle aerodynamic diame- 
ter. 
Correction for diffusional deposition in 
the TB region: Because of the nature of 
the airway branching in the TB region, 
the air flow enters a daughter airway 
segment from the parent airway seg- 
ment (or vice versa) at an angle (branch- 
ing angle). The effect of this entrance 
configuration is the enhancement of 
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diffusional deposition. In their experi- 
mental study of ultrafine particle deposi- 
tion in a human tracheobronchial cast, 
Cohen et al. (1990) reported that the 
measured deposition is about twice that 
predicted based on the Ingham equation 
(1975) for a straight tube. Because this 
effect can be attributed to the presence 
of turbulence, secondary flow, develop- 
ing fiow, and the branching angle at the 
entrance of the daughter airway seg- 
ment in the branching airways (Boelta 
et al. 1948; Yu and Cohen 1994), Yeh 
(1974) suggested the following equations 
to correct for the entrance configuration 
effect: 

f ,  = 1 + C,(2R/L) for L/R > 10 

(11) 

where P: = diffusion deposition proba- 
bility, taking into account the effect of 
the entrance configuration; PD = pre- 
dicted diffusion deposition (Ingham, 
1975); C, = ( 2 0 / ~ ) ( 1 3  - 1 2 0 / ~ ) ;  and 
0 =bend angle or branching angle (in 
radians). The empirical enhancement 
factor in equation (11) was given by 
Boelta et al. (1948) based on their study 
on the effect of entrance configuration 
on heat transfer coefficients in circular 
tubes. Equation (10) was derived by Yeh 
(1974) based on heat and mass transfer 
analogy. Table 1 shows the ratio of 
P,E/P, for 0 = 20", 45", and 90". P, usu- 
ally is < 0.1 for any airway segment, and 
0 ranges from 18" to 51" (Yeh and Schum 

TABLE 1. Calculated Ratio of P:/P, 

1980). This ratio of P:/P, ranging from 
1.48 to 2.4 is compatible with the values 
reported by Cohen et al. (1990). 

4) Use of the model for infants and chil- 
dren: The Yeh and Schum model was 
adapted for use in infants and children 
by scaling the airway dimensions and 
using an appropriate ventilation rate ac- 
cording to Phalen et al. (1985). 

5) Application to polydisperse aerosols: In 
the home or workplace, the aerosols are 
usually polydisperse. To predict the ini- 
tial regional respiratory tract deposition 
pattern after polydisperse aerosols are 
inhaled, the program was modified to 
integrate the deposition over the size 
distribution (Yeh et al. 1993). The user 
needs only to specify the aerosol size 
distribution (e.g., mass median diameter 
and geometric standard deviation) in ad- 
dition to the other usual parameters 
(such as breathing frequency, tidal vol- 
ume, functional residual capacity, pause 
between breaths, etc.). 

In the NCRP/ITRI model, the respira- 
tory tract is divided into NOPL, TB, and P 
regions, whereas in the ICRP66 model, the 
respiratory tract is divided into five regions: 
extrathoracic 1 (ET,), extrathoracic 2 (ET,), 
bronchial (BB), bronchiolar (bb), and alveo- 
lar-interstitial (AI) regions. The corre- 
sponding regions between the two models 
are as follows: NOPL vs. (ET, + ET,), TB 
vs. (BB + bb), and P vs. AI. Therefore, the 
depositions within ET, and ET, were 
summed to compare with NOPL, and BB 
and bb were summed to compare with TB. 
The deposition calculations were based on 

Po 
(given) 



Aerosol Science and Technolom Comparisons of the NCRP and ICRP Lung Models 137 -. 
25:2 August 1996 

the following conditions corresponding to 
normal breathing at rest for both models: 
nose breathing with tidal volume = 770 mL, 
breathing frequency = 13 breaths/min, 
functional residual capacity = 3000 mL, 
particle density = 1.0 g/cm3, and particle 
size range 0.001-10 pm with two particle 
size distributions (monodisperse with geo- 
metric standard deviation, a, = 1.0; and 
polydisperse with a, = 2.5). The latest ver- 
sion of the NCRP/ITRI software (Yeh 
et al. 1993) and the LUDEP version 1.1 
were used for the calculations. 

RESULTS AND DISCUSSION 
Both the ICRP66 and NCRP/ITRI deposi- 
tion models are based on a semi-empirical 
modeling approach. In the extrathoracic re- 
gion, empirical deposition equations de- 
rived from fitting experimental deposition 
data were used by both models. The major 
differences between the ICRP66 and the 
NCRP/ITRI models are evident in model- 
ing the tracheobronchial and pulmonary re- 

gions: (1) different anatomical lung models 
were used; (2) the ICRP66 model grouped 
the first nine generations of the conducting 
airways as BB and the last seven genera- 
tions of the conducting airways as bb, 
whereas the NCRP/ITRI model preserved 
all sixteen generations in the conducting 
airways; and (3) empirical deposition equa- 
tions from fitting data obtained from the 
partial lung cast or data from a theoretical 
calculation for the regions of concern were 
used in the ICRP66 model, whereas the 
NCRP/ITRI model used an analytical ap- 
proach based upon a generation-by-genera- 
tion calculation. 

Results are shown in Figures 1 and 2. 
Figure 1 shows the comparison between the 
two models for monodisperse aerosols. For 
particles > 2.5 pm, the ICRP66 model pre- 
dicted higher NOPL deposition than the 
NCRP/ITRI model did. Particles de- 
posited in the NOPL will not be available 
for deposition in the TB; consequently, the 
ICRP66 model has lower TB and P deposi- 
tion. This can be explained by the fact that 

1 Monodisperse Aerosol, og - 1.0 

- NCRP/ITRI 

0.001 0.01 0.1 1 .o 10 

Particle Diameter, pm 

FIGURE 1. Comparison of inhaled particle depositions between NCRPIITRI and ICRP66 models for monodis- 
perse aerosols with a geometric standard deviation= 1.0 (particle density= 1.0 g/cm3, tidal volume=770 mL, 
breathing frequency = 13/min, and functional residual capacity = 3000 mL). 
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1 Polydisperse Aerosol, ag = 2.5 

- NCRP/ITRI 
0.8 - 

0.001 0.01 0.1 1 .o 10 
Particle Diameter, pm 

FIGURE 2. Comparison of inhaled particle depositions between NCRPIITRI and ICRP66 models for polydisperse 
aerosols with a geometric standard deviation =2.5 (particle density = 1.0 g/cm3, tidal volume = 770 mL, breathing 
frequency = 13/min, and functional residual capacity = 3000 mL). 

the two models use different inhalability 
equations. The NCRP/ITRI model uses 
the inhalability equation recommended by 
the American Conference of Governmental 
Industrial Hygienists (ACGIH, 1985), 
whereas the ICRP66 model uses an alter- 
native equation that includes wind speeds 
(ICRP 1994). For particles less than about 
0.2 pm, the ICRP66 model predicted a 
slightly higher NOPL deposition; however, 
the NCRP/ITRI model predicted a higher 
TB deposition, resulting in a lower P depo- 
sition for particles < 0.05 pm. The basis of 
the discrepancy between the two models 
for NOPL deposition for ultrafine particles 
is unclear, because the same data sets 
(Cheng et al. 1988, 1990, 1991, 1993; Swift 
et al. 1992) were used in both models. The 
difference may be due to the fact that 
different equations were used to fit the 
data. The NCRP/ITRI model predicts 
higher TB deposition for ultrafine particles 
where deposition is dominated by a dif- 
fusion mechanism. This is because the 
NCRP/ITRI model takes into account the 

effects of branching (or entrance configu- 
ration) on diffusional deposition at a bifur- 
cation (Yeh 1974; Cohen 1990). Conse- 
quently, the ICRP66 model predicts a 
higher P deposition for ultrafine particles. 
As shown in Figures 1 and 2, these differ- 
ences are substantial for particles < 0.03 
pm. 

Polydisperse aerosols are most com- 
monly encountered in the environment. 
Figure 2 shows the comparison between the 
two models for polydisperse aerosols with 
o, = 2.5. The relative trends were similar to 
the results for the monodisperse aerosols, 
showing two peaks in deposition curves for 
both the TB and P depositions: around 
0.003-0.008 pm and 3-6 pm for the TB 
deposition and 0.02-0.05 pm and 2-4 pm 
for the P deposition. However, these two 
peaks were somewhat flattened and were 
lower for the polydisperse aerosols than for 
the monodisperse aerosols. 

In summary, the general trends of the 
deposition curves for the two models are 



Aerosol Science and Technology Comparisons of the NCRP and ICRP Lung Models 139 
25:2 August 1996 

similar. For particles > 0.2 pm, the dif- 
ference between the two models is small; 
the ICRP66 model predicts a slightly higher 
NOPL (or ET) deposition when particles 
are less than about 1-2 pm. However, be- 
cause the ICRP66 model does not consider 
the enhanced diffusion deposition due to 
branching bifurcation, it predicts a much 
lower TB deposition and thus a much higher 
P deposition than the NCRP/ITRI model 
for particles < 0.2 pm. This will signifi- 
cantly affect the dose estimate of inhaled 
ultrafine particles, including radon and 
radon progeny. 

The authors are grateful to their many colleagues at the 
Inhalation Toxicology Research Institute for lheir reriew 
of this manuscripl and to Ms. P. L. Bradley fix her 
editorial assistance. This research was supported by the 
Ofice of Health and Enoironmental Research, U.S. De- 
partment of Energy, under Contract No. DE-AC04- 
76EV0101.3. 
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