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SUMMARY

Objectives: The objective of this study was to evaluate the ability of acoustic rhinometry (AR)
(Rhin2100, Rhinometrics, Lynge, Denmark) to accurately determine the dimensions (cross-
sectional areas and volumes) of the curved and complex slit-like geometry of the nasal airway.
Materials and methods: A4 plastic model representing the replicate of a decongested nasal air-
way was produced by stereolithographic techniques from a 3-D MRI-scan. The exact dimen-
sions of this model was determined from a high resolution CT-scan. Dimensions perpendicu-
lar to the curved course of the acoustic pathway were compared with dimensions inferred from
parallel sections. The impact of sound loss to the paranasal sinuses and the ability to detect
posterior volume changes was tested in the same model.

Results: The error in volume determination was <I4% for the MCA and <8% for the volumes,
whereas the error reached 52% for dimensions calculated from parallel sections in the coronal
plane. The influence of the simulated maxillary sinuses depend primarily on the size of the
ostia and may represent an important source of error for posterior measurements, in particular
after decongestion.

Conclusions: The accuracy of acoustically derived dimensions of the 3-D model depend on the
orientation of the planes used to calculate the dimensions of the model. Volume estimates
based on the smallest cross-sectional areas in points along the acoustic pathway correlate well
with acoustically derived volumes, whereas single cross-sectional areas are more susceptible to
error. Sound leakage to patent sinus ostia reduce the accuracy of posterior measurements.
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INTRODUCTION

Acoustic rhinometry (AR) (Hilberg et al., 1989) has due to its
simplicity and non-invasive nature gained increasing popularity
as a method for objective assessment of nasal patency. Still
many issues related to the accuracy of AR remain unresolved.
Dimensions described by AR represent cross-sectional areas
perpendicular to the curved pathway of incident and reflected
acoustic wave-front, limiting the value of validations performed
in symmetrical straight tubular models. In addition, the curved
course of the nasal airway complicates both interpretation and
validity of comparisons between dimensions obtained by AR
and dimensions derived from parallel sections of cadaver heads
(Mayhew and O’Flynn, 1993), CT- (Gilain et al., 1997; Min and
Jang, 1995; Hilberg et al., 1989) and MRI-scans (Corey et al.,
1997; Hilberg et al., 1993).

The objective of this study was to compare acoustic rhinometric
measurements in the complex nasal model with calculated
dimensions perpendicular to the presumed acoustic pathway
and with parallel coronal sections.
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MATERIALS AND METHODS

Acoustic rhinometry

Acoustic signals generated in a sound wave tube are conducted
via a nasal adapter to the nasal cavity under examination
(Rhin2100, Rhinometrics, Lynge, Denmark). Analysis of the
incident signal and its reflections from the nasal cavity provide
both a graphic display of cross-sectional area-distance (AD)
relationships and a numeric description of minimum cross-sec-
tional areas (MCA) and volumes between selected points along
the acoustic pathway in the nasal cavity (Hilberg et al., 1989).

The stereolithographic (SLA) epoxy model

A volunteer was examined by an MRI scanner (Signa SP, 0.5
Tesla, GEMS, Milwaukee, WI) with a 3-D T1-weighted gradient
echo sequence (TR/TE34/15 ms, flip angle 60°, slice thickness
2 mm). The images were exported to a workstation (Indigo2,
SiliconGraphics, Sunnyvale, CA) with software for image analy-
sis developed at the Interventional Center, The National Hospi-
tal, Oslo, Norway. The field of view was 24 cm x 19 cm, and the
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images were presented as a 256 x 256 matrix reconstructed in
coronal, sagittal and axial views. A digital model of the nasal
cavities was obtained by utilising level and edge detection algo-
rithms. In addition, manual correction was performed to avoid
the appearance of complete occlusions in the most narrow seg-
ments of the model. The digital voxel model was converted to a
vector based graphic platform for smoothing sharp edges and
production of an epoxy SLA model (VINN, Narvik, Norway).
These modelling procedures obviously increased the dimen-
sions moderately compared to the true dimensions of the MRI-
scan and the AR performed immediately prior to the scan. CT
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Figure 1. Upper panel: Relationship between anatomic structures in the
nasal airway, the acoustic pathway (AP) and different angles of coronal
planes. a) no sagital and axial rotation, b) 23° sagital rotation, forward
tilted, ¢) overall minimum dimensions with varying sagital and axial
rotations. Middle panel: The cross-sectional areas (CA) form parallel
coronal CA’s (0° and 23° tilt) compared to CA perpendicular to the pre-
sumed AP. Lower panel: Selected CA’s in different coronal planes at
the anterior and middle part.
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scans of the epoxy SLA model (High-speed CT, GEMS, Mil-
waukee, WI) were performed to generate a voxel-based digital
model with high resolution. This CT generated digital model
consisted of 256 x 256 x 93 voxels (12 cm x 12 cm x 9.3 cm) that
included the right and left nasal cavities. The voxels at the bor-
der zone with partial volume effect were defined as plastic or air
according to the most dominant signal contribution. The
remainder of the model was automatically segmented by inten-
sity levels from plastic or air.

A duct, 5 mm in length with an internal diameter of 3 mm was
drilled at the location of the ostium to the maxillary sinus. A
syringe with an internal tip diameter of Imm was inserted into
the artificial ostium and the volume of the simulated maxillary
sinus varied by moving the piston.

A metal rod (diameter 4 mm, CA=0.13 cmz) was introduced
into the left nasal passage from posterior to determine the abi-
lity of AR to detect a reduction in CA corresponding to
approximately 5% of the CA and volume.

The volume of the anterior 9 cm (along the acoustic pathway) of
the two passages was determined by closing of the anterior
opening of the model and installing water with a syringe into
the model. The model was tilted so that the surface of the water
corresponded to the plane perpendicular to the acoustic path-
way at a depth of 9 cm (posterior septal edge).

Calculations and Statistics

The orientation of the parallel CT scan-planes, representing
coronal planes of the model, was defined from a perpendicular
axis to the planes directed 37° upward tilted from the posterior
part of the acoustic pathway, in the turbinate region (Figure 1).
Calculations of the cross-sectional areas were performed with
different sagital and axial rotations around a perpendicular axis
to the sagital and axial planes through the centre of gravity of
the left and right nasal cavity section, respectively, in the coron-
al CT scans. A trajectory through all the centre of gravity points
was presumed to estimate the acoustic pathway, left and right
respectively. The smallest cross-sectional areas in locations
along the acoustic pathway were calculated from the overall
minimum area with varying sagital and axial rotations.

Calculations and presentation were performed using PRISM
Graph Pad 2.01. Accuracy of the MCA and volumes were
expressed as the difference (% error) between the mean rhino-
metric curve and the dimensions obtained from the different
planes chosen. The optimal rhinometric curves obtained with
patent and occluded orifices simulating the position and size of
ostia communicating with maxillary and frontal sinuses of
different volumes, were compared.

RESULTS

The smallest cross-sectional areas, both rotated in axial and
sagital planes, along the nasal cavity were found to lie approxi-
mately perpendicular to the presumed acoustic pathway and
correlated well with the estimated smallest CA’s of the complex
geometry in the 3-D model (Figure 1, 2). The error was low and
always <14% (largest error for MCA right side: 0.77 vs. 0.89 cmz)
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Figure 2. Comparison or AR curves in right and left nasal airway to the
true dimensions of the SLA-model calculated perpendicular to the
acoustic pathway (i.e. overall minimum dimensions with varying sagital
and axial rotations).
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Figure 3. Illustration of the effects of sound loss through simulated ostia
to the maxillary and frontal sinuses.

for the MCA and <8% (largest error for VOL 2-5 cm left side:
5.0 vs. 4.6 cm®) for the volumes (Figure 1, 2). However, the error
reached a maximum of +46% for MCA (largest error on left
side: 1.38 vs. 0.96 cm®) for dimensions calculated from parallel
sections in the coronal plane and 52% (largest error on right
side: 12.9 vs. 8.5 cm3) for the volume from 2-7 cm (VOL 2-7) cal-
culated from parallel planes tilted 23° (Figure 1, 2). The addi-
tional effect of rotation in the axial plane on the overall mini-
mum CA’s was negligible (not shown).

The smaller in-vivo AR dimensions on the left side (Figure 2)
may be explained by a combination of incomplete decongestion
at the time of the AR examination and the described manual
adjustments of the MRI dimensions prior to the production of
the SLA model, which increases relatively the dimensions pri-
marily in the narrow parts of the passage.

MCA %Diff. VolZ-5 %Diff. VOLIZ.T % Diff.

Smallest dimensions {SLA model-right side
Smailest dimensions (SLA model)-left side

089 4,3 8.6
0.96 4.6 9.0

Corenal plane - right side
Coronal plane - left side
Tilted 23° - right side
Tilted 23° - |eft side

AR curve -right side

AR curve - left side

112 26 5,1 19 11,7 35
1,38 46 5,8 20 11,2 18
0,91 2 8.0 39 12,8 52
095 0 6,1 33 13,4 46
077 -14 42 -2 82 -4
094 -2 50 8 9,3 2

Table 1. Dimensions of the SLA model estimated form to different sets of parallel planes, the smallest cross-sectional area in each point along the pre-
sumed acoustic pathway. The difference compared to the smallest dimensions are given as percentages of the smallest dimension. The different curves

are shown in Figures 2 and 3.
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Effect of sound leakage to the sinuses

The effects of simulated changes in the dimensions of the sinus
ostia and sinus volumes are shown in Figure 3. Measurements
anterior to the sinus ostia were not affected by changes in the
dimensions of the simulated sinuses (<2% change in VOL 0-6
c¢m). The narrow and relatively long frontal duct appears to have
negligible effect on the acoustic measurements regardless of the
volume of the frontal sinus (<3% change in VOL 6-9 cm with an
open 1 mm frontal duct). Both the size of the ostium and the
volume of the communicating sinus have some effect on the
cross-sectional area and volumes posterior to the ostia. The lar-
ger the ostium and sinus volume the greater the effect. When
both the frontal ostium (¢=1mm) and the largest maxillary
ostium (=3 mm) were open, the overestimation of the total
volume up to 9 cm reached 10%. The volume of the segment
posterior to the location of the ostia (VOL 6-9 cm)
was overestimated by as much as 23% compared to the curve
obtained with both ostia closed (Figure 3).

Detection of reduction in CA and volumes
The 5% reduction in the volume induced by introducing the
metal rod, was accurately detected (<10% error) (Figure 4).

Effect of insertion of metal rod
inte the complex nasal madel
Difference between AR Surves

~E with and without rad: AWOL3.5-6= :

= 3.0- o

A

; 2.5 ;"_-u IIII.a- -

E 2.0 ” Rod with diameter 4mm;

B 154 true CA=0.13cm® and

$ "o truve VOL3.5-8=0.58cm’

® -—— Rod & =4mm

S 05

] — Without rod
0.5 T T T T T T T T 1

8

Distance into the model (cm)

o1 2 3 4 3 6 7 9 10

Figure 4. Illustration showing the effect of insertion of a metal rod into
the complex nasal passage.

Volume determined by instillation of water
The volumes of the right and left passages from the nostril to
the posterior margin of the septum were approximately 16 ml in
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both. The corresponding acoustically derived volumes (VOL
0-9) were similar; 17.3 ml and 16.5 ml of the right and left side,
respectively.

DISCUSSION

The accuracy of acoustic rhinometry in the 3-D model is strong-
ly influenced by the planes used to calculate the dimensions of
the model. When the acoustically derived dimensions are com-
pared with those calculated from the true minimum cross-sec-
tional areas perpendicular to the presumed course of the acous-
tic pathway, the accuracy is excellent for volumes. The accuracy
of single CA’s is more variable.

Hilberg et al., (Hilberg et al., 1989) reported a fairly good, but
variable correlation between CT-derived dimensions and acous-
tically derived dimensions. Buenting et al., (Buenting et al.,
1994) found the acoustically derived volume to correlate well
with the volume of a cast made from a cadaver of an infant and
Mayhew & O’Flynn (Mayhew and O’Flynn, 1993) reported a
high correlation with cross-sectional areas measured on sections
from a cadaver head. Later studies comparing dimensions de-
rived from parallel CT- and/or MRI scans and AR reported a
fairly good correlation in the anterior part of the nasal airways,
but much poorer further posterior (Gilain et al., 1997; Min and
Jang, 1995; Corey et al., 1997; Hilberg et al., 1993). This can be
explained by the parallel sections used in these studies, which
are comparable to the parallel ‘coronal sections’ (0°tilt) applied
to our model, also showing significant overestimation compa-
red with AR (Figure 1).

The curved course of the sound path complicates and reduces
the validity of simple integration of volumes which presume the
pathway is straight. Since nasal volume determined by AR is
derived from the products of CA and distance along the sound
path, comparison is, thus, best performed by comparing AR
derived dimensions to MRI/CT derived CA’s along the same
(or very similar pathway through the geometric means of the
smallest CA’s). The close agreement between the volumes
determined by AR and instillation of water supports the validi-
ty of acoustically derived volumes in the complex nasal airway.

Resolution of AR

The ability to resolve abrupt changes in CA is related with the
‘rise distance’ and this ability depends primarily on the upper
bandwidth frequency, on the algorithm used in the specific rhi-
nometer software and the dynamic properties of the micro-
phone (Djupesland et al., 1999). Constrictions and expansions

Vol0-6 %Diff. Vol0-7 %Diff. VOLO-9 %Diff. VOL&-3 % Diff.

Both ostia closed 9.4 1.5 16.5 7.1

Frontal 1mm-Maxill. clased 9.z 16 113 A,7 1646 0,3 Vil 2,6
Frontal closed-Maxill. 1mm 9.3 0.6 1186 1,0 17.0 2,7 76 5,9
Frontal 1mm-Maxill. 1mm/M0ml 8.3 0.9 11,7 1,3 17.4 55 81 13,8
Frontal imm-Maxill. 3mm/10ml 9.4 0,0 11,8 2.6 182 10,0 B8 231

Table 2. The influence of simulated open frontal and maxillary sinus osita sinuses on acoustic rhinograms in SLA model of complex nasal passage.
The differences are expressed as the % difference from the rhinogram obtained with both osita closed. The corresponding rhinometric curves and

location of the sinus are shown in Figure 4.
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shorter than 3-4 mm may not be determined correctly due to
technical limitations. It follows that single cross-sectional areas
like the MCA becomes more sensitive to error than volume
based on integrations of several CA’s.

Influence of sinuses

In the nasal airway only a small part of the sound energy will
reach the sinus ostia due to their remote and sheltered location
behind the middle turbinate. This explains the much smaller
influence of sound loss to the sinuses in vivo (Marais and
Maran, 1994) than in the complex nasal models than in tubular
models (Hilberg and Pedersen, 1996). Our results (Figure 3)
confirm the potential influence of the sinuses on AR measure-
ments and call for caution in interpretation of AR results pos-
terior to 5 cm, particularly after decongestion.

Fortunately, the anterior 5 cm includes both the flow limiting
valve area and a significant part of the erectile mucosa respon-
ding to physiological and pathological influences (Haight and
Cole, 1983). Consequently, the volume of the anterior 5 cm
(VOL 0-5) has been recommended as the volume of choice (Hil-
berg and Pedersen, 1996). The anterior 2 cm of the nasal pas-
sage is, however, lined mainly with squamous epithelium with-
out erectile properties. Furthermore, the dimensions of the
anterior 2 cm segment is more commonly affected by differ-
ences in positioning of the nose adapters (anatomical and coni-
cal). Consequently, we suggest reporting VOL 2-5 in addition to
MCA and VOL 0-5 in AR studies of adults.

In infants, the small underdeveloped maxillary sinuses are not
in continuity with the nasal passage, thus eliminating the poten-
tial influence by the sinuses (Wolf et al., 1993). A particular
feature of AR is that the much smaller dimensions permit the
use of a higher upper bandwidth frequency, which improves
resolution (Djupesland and Lyholm, 1998). The sinuses may
become a source of error beyond the age of 4 years when the
middle meatus housing the sinus ostia become part of the func-
tional respiratory tract.

Detection of posterior volume changes

The insertion of the rod indicate that AR designed for adults is
sufficiently sensitive to detect volume changes of a magnitude
of 5% in the posterior part of the nasal cavity (Figure 4). Fisher
et al., found that spheres with a diameter of less than 7 mm
inserted in a nasal cavity, could not be detected accurately by
AR in vivo (Fisher et al., 1994). Detection of spheres is more
demanding than of rods due to the described restrictions in spa-
tial resolution and rise distance resolution. Furthermore, the
characteristics relevant to AR designed for adults are not neces-
sarily valid for infants and small children (Djupesland and
Lyholm, 1998).

CONCLUSIONS

Volume estimates based on the smallest cross-sectional areas
in points along the acoustic pathway in the complex nasal
model and water instillation, both correlate well with acousti-
cally derived volumes. Single cross-sectional areas are more
susceptible to error than volumes due to technical limitation of
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AR. Sound leakage via patent sinuses ostia reduces the accura-
cy of posterior measurements. The improved accuracy of AR
when the curved course of the acoustic pathway is considered,
further supports that AR is a reliable tool for rhinological
research and clinical practice.

ACKNOWLEDGEMENTS

The authors are grateful to Professor Philip Cole and Henry
Furlott for their valuable assistance and comments. This study
was in part supported by grants from The Norwegian Research
Council, Norway.

REFERENCES

1. Buenting JE, Dalston RM, Drake AF (1994) Nasal cavity area in
term infants determined by acoustic rhinometry. Laryngoscope
104:1439-1445.

2. Corey JP, Gungor A, Nelson R, Fredberg J, Lai V (1997) A compa-
rison of the nasal cross-sectional areas and volumes obtained with
acoustic rhinometry and magnetic resonance imaging. Otolaryngol
Head Neck Surg 117:349-354.

3. Djupesland PG, Lyholm B (1998) Changes in nasal airway dimen-
sions in infancy. Acta Otolaryngol (Stockh) 118:852-858.

4. Djupesland PG, Lyholm B (1998) Technical abilities and limitations
of acoustic rhinometry optimised for infants. Rhinology 36:104-113.

5. Djupesland PG, Qian W, Furlott H, Rotnes JS, Cole P, Zamel N
(1999) Acoustic rhinometry: a study of transient and continuous
noise techniques with nasal models. Am.J Rhinol 13:323-329.

6. Fisher EW, Daly NJ, Morris DP, Lund VJ (1994) Experimental stu-
dies of the resolution of acoustic rhinometry in vivo. Acta Otola-
ryngol (Stockh.) 114:647-650.

7. Gilain L, Coste A, Ricolfi F, Dahan E, Marliac D, Peynegre R, Harf
A, Louis B (1997) Nasal cavity geometry measured by acoustic rhi-
nometry and computed tomography. Arch Otolaryngol Head Neck
Surg 123:401-405.

8. Haight JS, Cole P (1983) The site and function of the nasal valve.
Laryngoscope 93:49-55.

9. Hilberg O, Jackson AC, Swift DL, Pedersen OF (1989) Acoustic rhi-
nometry: evaluation of nasal cavity geometry by acoustic reflection.
J Appl Physiol 66:295-303.

10. Hilberg O, Jensen FT, Pedersen OF (1993) Nasal airway geometry:
comparison between acoustic reflections and magnetic resonans
scanning. J Appl Physiol 75:2811-2819.

11. Hilberg O, Pedersen OF (1996) Acoustic rhinometry: influence of
paranasal sinuses. J Appl Physiol 80:1589-1594.

12. Marais J, Maran AG (1994) Nasoantral window assessment by
acoustic rhinometry. J Laryngol Otol 108:567-568.

13. Mayhew TM, O’Flynn P (1993) Validation of acoustic rhinometry
by using the Cavalieri principle to estimate nasal cavity volume in
cadavers. Clin Otolaryngol 18:220-225.

14. Min YG, Jang YJ (1995) Measurements of cross-sectional area of
the nasal cavity by acoustic rhinometry and CT scanning. Laryngo-
scope 105:757-759.

15. Wolf G, Anderhuber W, Kuhn F (1993) Development of the para-
nasal sinuses in children: implications for paranasal sinus surgery.
Ann Otol Rhinol Laryngol 102:705-711.

Dr. Per G Djupesland

Department of Otorhinolaryngology
Ullevaal University Hospital

0407 Oslo, Norway

Tel.: +47-224-95985

Fax: +47-221-18555

E-mail: p.g.djupesland@ioks.uio.no



