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Abstract Background: Quantitative CT shows promise
as an outcome measure for cystic fibrosis (CF) lung
disease in infancy, but must be accomplished at a dose as
low as reasonably achievable. Objective: To determine the
feasibility of ultra-low-dose CT for quantitative measure-
ments of airway dimensions. Materials and methods: Two
juvenile pigs were anesthetized and their lungs scanned at
25 cm H2O face-mask pressure in apnoea using beam
currents of 5, 10, 20, 40 and 100 mAs. The lumen diameters
and wall thicknesses of matched airways (n=22) at each dose
were measured by two observers using validated software.
Measurement variability at each dose was compared to that at
100 mAs (reference dose) for large and small airways (lumen
diameter <2.5 mm). Results: Lowering CT dose (mAs)
affected measurement variability for lumen diameter of small
and large airways (P<0.001) and for wall thickness of small
(P<0.001), but not large (P=0.63), airways. To obtain the
same measurement variability at 5 mAs as at 100 mAs, four
to six small airways or one to three large airways have to be
measured and averaged. Conclusion: Quantitative airway
measurements are feasible on images obtained at as low as
5 mAs, but more airways need to bemeasured to compensate
for greater measurement variability.
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Children

Introduction

Airway abnormalities can be visualized and quantified by
CT in children [1, 2] and infants [3] with cystic fibrosis
(CF). Recent studies of CT in children with CF have
demonstrated greater sensitivity of CT in identifying airway
abnormalities compared to pulmonary function tests [4, 5],
which suggests that CT will have an important role as a
surrogate outcome measure in CF lung disease [6, 7]. The
increasing use of routine CT scanning in children has raised
concerns about the risks of cumulative radiation exposure
[8, 9]. Infants and children are more susceptible to radiation
than adults, and therefore CT examinations must be
acquired at as low a radiation dose as reasonable achievable
[10–13]. The radiation risk per CT scan is closely related to
the beam current in milliamperes per second (mAs).

The long-term success of CT as an outcome measure
depends on shifting the emphasis from qualitative to
quantitative assessment to make the data more reproducible
and amenable to statistical analysis. There is reason to
believe that quantitative assessments can be performed at
ultra-low radiation doses; however, the relationship
between mAs and the measurement variability of quantita-
tively measured airway and lumen dimensions is unknown.

The purpose of this study was to assess the feasibility of
ultra-low-dose quantitative measurements of wall and
lumen dimensions of large and small airways in a piglet
infant animal model.

Materials and methods

Acquisition of CT scans

Two pigs of approximately 3,500 g were used for this study
according to an approved IACUC (Institutional Animal
Care and Use Committee) protocol. The pigs were pre-
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anaesthetised with intramuscular tiletamine/zolazepam
(4.4 mg/kg) and xylazine (2.2 mg/kg). Once an adequate
level of anaesthesia was obtained, the pigs were intubated
and the sedation was maintained by inhalation with
isoflurane (1–3% inhalation) supplemented with vecur-
onium. Heart rate and oxygen saturation were monitored
throughout the procedure. CT scans were performed on a
GE Light Speed Plus scanner (General Electric Medical
Systems, Milwaukee, Wis.) using the helical technique
with eight detectors. All scans were acquired at 120 kVp,
slice collimation of 1.25 mm, gantry rotation 0.5 s, and
table speed of 13.5 mm/s. Scans were obtained at 100, 40,
20, 10 and 5 mAs (Fig. 1). Between each scan, the pigs
were manually ventilated using the existing endotracheal
tube. When scanning, lungs were held at full inflation near
total lung capacity with a system incorporating a pressure-
release valve to control distending pressure at 25 cm water
pressure as previously described to obtain chest CTscans in
infants [14]. All images were reconstructed at 1.25 mm
using a high-frequency bone algorithm (General Electric
Medical Systems) and at 5 mm in a standard algorithm with
a field of view (FOV) of 250 mm, with a corresponding
pixel size of 0.49×0.49 mm. The 1.25-mm images were

used for airway measurements and the 5-mm images were
used for the measurement of intrapulmonary gas volume.

Quantitative CT analysis

All clearly visible airways on the 100-mAs scan series
which were round with cross-sections perpendicular to the
z-axis were measured and served as reference scans. The
same airways on the 40, 20, 10 and 5-mAs series were
matched to those on the reference scans (see Fig. 1).
Airway wall area (WA) and lumen area (LA) were
measured using custom-validated software by two inde-
pendent observers for each airway [15–17]. Briefly, the
software works as follows. First, a cross-sectional cut
airway or artery is identified and enlarged. Next, a seed-
point is placed in the centre of the airway or arterial lumen.
From this point, 64 radial rays are automatically cast from
the centre of the lumen outward. The computer allows the
observer to delete rays that are evidently too long or too
short. Airway wall and lumen edges are defined using the
full-width at half-maximum principle and assessed from 64
radial rays cast from the centre of the lumen into the
parenchyma on cross-sectional cut airways [15–17]. The

Fig. 1 An example of three matched airways at five different doses in the lungs of a pig: a 100 mAs, b 40 mAs, c 20 mAs, d 10 mAs,
e 5 mAs. Airways1, 2 and 3 at 100, 40, 20, 10 and 5 mAs. Note the increase in noise visually as the mAs decreases
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software calculates WA and LA that we converted into
more meaningful and easier to understand dimensions,
airway wall thickness (AWT) and airway lumen diameter
(LD), using the following formulas: LD=2*square root
(LA)/π and AWT=0.5*((2*square root(WA+LA)/π)−
(LD)) [18]. Gas volume was measured from CT using a
previously described method [19, 20]. Briefly, the lung was
segmented from the chest wall and surrounding structures
and the lung volume was calculated by summing the voxels
within the lung.

Statistical analysis

Interobserver variability was calculated for airway wall
thickness and lumen diameter by expressing the difference
between the two observers as a percentage of the average of
the two observers. This percentage was plotted against the
mean lumen diameter to detect systematic errors depending
on airway size [21].

Measurement variability between airway wall thickness
and lumen diameter at the various doses (5, 10, 20 and
40 mAs) relative to 100 mAs was determined using
variance analysis models. The measurement variability was
expressed as standard error of the mean (SEM) ± standard
error (SE), and was also expressed as the number of
airways that would need to be measured for there to be
equivalent variability at different doses. Airways were
grouped into small airways (lumen diameter smaller than or
equal to 2.5 mm) and large airways (lumen diameter greater
than 2.5 mm). Therefore variance models were performed
separately for large and small airway groups for both
airway wall thickness and lumen diameter. For all models
the average of the measurements of the two observers was
used. Data were analysed using Proc Mixed in SAS
(version 8e, SAS Institute, Cary, N.C.). Significance was
assumed for P-values less than 0.05.

Results

The volume of gas in the lungs at total lung capacity was
491 and 365 ml. We could match 11 airways on both lower
and higher dose images. These 11 airways were measured
in each pig. The mean±SD lumen diameter of the 22
airways was 2.7±1.7 mm (range 0.96–6.6 mm).

Interobserver variability

Figure 2 shows the interobserver variability against airway
size at the various doses (5, 10, 20, 40 and 100 mAs) for
airway wall thickness and lumen diameter. The mean (SD)
interobserver differences for airway lumen diameter were
0.49% (2.95), 0.66% (3.11), 0.45% (4.28), 2.41% (9.86)
and 0.34% (4.65) for the 100, 40, 20, 10 and 5 mAs doses,
respectively. The mean (SD) interobserver differences in
airway wall thickness were 0.89% (6.01), 3.15% (5.8),
2.88% (8.35), 5.85% (14.2) and 2.90% (9.95) for the 100,
40, 20, 10 and 5 mAs doses, respectively.

Airway lumen measurement variability

Measurement variability in lumen diameters was directly
related to dose for both small airways (P<0.001) and large
airways (P<0.001; Table 1). The same measurement
variability as in the 100 mAs series for lumen diameter
measurements of small airways was obtained by measuring
and averaging 5.4, 6.6, 6.0 and 2.8 small airways at 5, 10,
20 and 40 mAs, respectively. To obtain the same
measurement variability for lumen diameter measurements
of large airways relative to the 100 mAs series 2.0, 3.0, 0.2
and 1.6 large airways had to be measured and averaged at
5, 10, 20 and 40 mAs, respectively.

Fig. 2 Interobserver variability in measurements of (a) airway wall
thickness and (b) airway lumen diameter. There is no obvious size
effect in the interobserver variability expressed as a percentage for

AWT, but the interobserver variability in lumen diameter decreases
with increasing airway size
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Airway wall measurement variability

The variability in measurements of wall thickness was
directly related to dose for small airways (P<0.001), but not
for large airways (P=0.63; Table 2). The same measure-
ment variability as in the 100 mAs series for airway wall
thickness measurements of small airways was obtained by
measuring and averaging 6.0, 4.7, 2.4 and 1.4 small
airways at 5, 10, 20 and 40 mAs, respectively. To obtain the
same measurement variability as in the 100 mAs series for
airway wall thickness of large airways relative to 100 mAs,
the same numbers of large airways had to be measured at 5,
10, 20 and 40 mAs, respectively.

Discussion

If CT is to be used as an outcome measure for CF lung
disease in children, ultra-low-dose protocols will be
mandatory to diminish the long-term risk of secondary
radiation-induced malignancy [8]. We tested the feasibility
of ultra-low-dose CT by examining the resulting variance
of measured airway structures over a range of radiation
doses. This necessitated an animal model. In our animal
model, we used the same CT scanning technique that we
currently employ in infants where motion-free images are
obtained at full inflation using face-mask pressure during
induced apnoea as previously described [14]. The intra-
pulmonary gas volumes at these pressures were similar to
those in human infants [22].

The major finding of this study is that airway
measurements were feasible for both observers over the
range of doses studied, 100 to 5 mAs. Although image
noise increased with decreasing dose the observers were
able to resolve and measure the lumen of the airways even
at 5 mAs. The only requirement of the quantitative

measurement program is the selection of the lumen of
cross-sectioned airways, which was feasible at all doses
used in this study.

As expected, measurement variability of airway lumen
diameter and wall thickness increased with decreasing
dose, except for wall thickness measurements in the larger
airways. The increase in measurement variability became
most pronounced at doses of 20 mAs or less. There was
some uncertainty as to whether or not measurement
variability in wall thickening significantly increased with
dose in the larger airway subgroup (>2.5 mm). This may
have been related to the relatively high interobserver
variability for the airway wall measurements. Another
factor may have been that our methodology assumed that
the airway was a perfect circle, which is not the case in
reality. The error associated with non-linearity may be
greatest for wall thickness measurements of larger airways.
Therefore, such a larger measurement error might have
masked largely the effect of dose. Because this was a
quantitative study, we were able to estimate the effect of
this variability in practical terms that could be used in
determining power calculations for research studies. At the
lowest dose of 5–20 mAs, approximately four to six
airways in the <2.5 mm subgroup would have to be
averaged to obtain the same measurement variability for
lumen diameter and wall thickness as at 100 mAs.

Most current protocols for high-resolution CT in infants
utilize a kVp of 120 and mAs of 20 [23], although a decade
ago mAs could reach 120. Our data suggest that a fourfold
dose reduction to 5 mAs may be feasible. This additional
reduction could be important to further develop CT
measurements as a surrogate endpoint in therapeutic trials,
especially for infants and children with CF. Since we aimed
in this study to determine the relationship between noise
and mAs we used 100 mAs, and not 20 mAs, as a reference
dose for statistical analysis.

Table 1 The effect of CT dose
on measurement variability for
airway lumen diameter for small
and large airways

The SEMs at 5–40 mAs are
significantly different from that
at 100 mAs for small airways
(P<0.001) and for large airways
(P<0.001)

Dose (mAs) Small airways (lumen diameter ≤2.5 mm) Large airways (lumen diameter >2.5 mm)

SEM±SE (mm) Ratio to dose 100 SEM±SE (mm) Ratio to dose 100

5 0.082±0.012 5.4 0.081±0.016 2.0
10 0.091±0.018 6.6 0.10±0.028 3.0
20 0.087±0.013 6.0 0.028±0.008 0.2
40 0.059±0.010 2.8 0.074±0.015 1.6
100 0.035±0.008 1.0 0.058±0.013 1.0

Table 2 The effect of CT dose
on measurement variability for
airway wall thickness for small
and large airways

The SEMs at 5–40 mAs are
significantly different from that
at 100 mAs for small airways
(P<0.001), but not for large
airways (P=0.63)

Dose (mAs) Small airways (lumen diameter ≤2.5 mm) Large airways (lumen diameter >2.5 mm)

SEM±SE (mm) Ratio to dose 100 SEM±SE (mm) Ratio to dose 100

5 0.110±0.016 6.0 0.065±0.013 0.7
10 0.097±0.019 4.7 0.046±0.012 0.4
20 0.069±0.011 2.4 0.072±0.013 0.9
40 0.053±0.009 1.4 0.062±0.012 0.7
100 0.044±0.009 1.0 0.077±0.015 1.0
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Study limitations

Measurement variability will be affected by a number of
factors, and these should be kept in mind when
considering the results of this study. The most important
factor is the resolution of the CT scanner. Resolution
depends on available slice collimation, FOV, pitch,
reconstruction algorithm and presence of respiratory
motion, in addition to radiation dose. We used a high-
resolution scan protocol that we routinely employ for
clinical studies in infants. Since this study was performed,
CT scanners with double the resolution have become
available. The results for ultra-low-dose imaging for the
small airways would be expected to improve with these
higher resolution CT scanners.

Measurement variability also depends on the lung
volumes at which measurements are made. There is likely
some variability inherent in our data from slight differences
in lung volume between scan series; however, this is likely
limited because the images were acquired near total lung
capacity and without respiratory motion. We did not test
measurement variability during quiet breathing. With the
fast scan times of the newest generation of multidetector
CT scanners that dampen the effects of respiratory motion,
it is conceivable that accurate measurements could be
obtained even at low doses, but this has not been
investigated. One problem that would be anticipated in
making measurements during quiet breathing (volumes
near functional residual capacity) is that the airway lumens
may not be adequately distended, inducing inaccuracy that
would be difficult to control for.

In this study, kVp was kept constant and only mAs
was varied. In clinical practice, both kVp and mAs may
be varied. The effect on measurement accuracy of
lowering kVp in addition is not known but we would
anticipate that its effect would be directly related to the
applied radiation exposure of whatever combination of
kVp and mAs is used. In fact, some institutions changed
infant CT protocols to 100 kVp and 80 kVp after we had
finished our experiments. Nevertheless, our data do
demonstrate a relationship between noise and mAs,
which was our aim.

Conclusion

In conclusion, we showed that small and large airway wall
and lumen measurements are feasible on CT scans obtained
at doses as low as 5 mAs. In order to obtain the same
measurement variability, however, a larger number of
airways have to be measured.
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