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A B S T R A C T

Objectives: The aim of this study was to investigate the extent of dose reduction and comparability of standard
dose CT vs Ultra low dose CT in evaluating pulmonary emphysema.
Methods: Forty-nine patients with emphysema were recruited from a tertiary referral respiratory clinic. Each
patient had a non-contrast Standard Dose (SD) and Ultra Low Dose (ULD) thoracic CT. The images were re-
constructed using contemporary iterative reconstruction with a standard lung kernel. Lung volumes and em-
physema severity was calculated using a commercially available automated densitometry segmentation package.
The effective dose was calculated for both CT protocols.
Results: Automated densitometry calculated the total lung volume and percentage lung area of emphysema. The
findings were highly comparable between ULD and SD protocols. A strong correlation was seen between ULD
and SD images in measurement of total lung volume (R=0.925, p < 0.001) and percentage lung involvement
by densitometry (R=0.940, p < 0.001). There is a 95% dose reduction with the ULD protocol, the mean
effective dose is 0.12 ± 0.09mSv versus 2.33 ± 1.54 mSv for the SD protocol.
Conclusions: ULD thoracic CT is a comparable protocol for the assessment of emphysema severity relative to
standard dose CT. ULD CT is performed at a 95% dose reduction compared to SD CT.

1. Introduction

Emphysema, both in isolation and as a part of Chronic Obstructive
Pulmonary Disease (COPD), is a major global health problem with an
overall estimated worldwide prevalence of 7.6% [1]. Early diagnosis
can facilitate identification of the disease phenotype and severity
guiding treatment and management [2]. Diagnosis currently is spiro-
metry based. There tends to be a big discordance between symptoms,
spirometry and CT morphology of emphysema. GOLD staging is the
classic method of defining disease severity, however; patients with the
same GOLD stage may have differing disease phenotypes and therefore
require more alternative treatment. Radiology provides a clear and
detailed account of the phenotype and severity of disease and therefore
in conjunction with spirometry is optimal for the quantification and
description of the COPD. CT is non-invasive and provides detailed
evaluation of the morphology of the emphysema and its distribution.
CT can also detect other causes for symptoms such as; shortness of
breath, cough or haemoptysis. In our CT protocol we included

calculations of densitometry and lung volumes, contributing added
value to the evaluation of symptoms and treatment planning. Most
patients benefit from medical therapy such as; bronchodilators, gluco-
corticoids and antibiotics for acute exacerbations while a smaller sub-
group will benefit from more invasive lung volume reduction proce-
dures [3]. CT guides cardiothoracic planning in this latter group.

This study demonstrates the added value of CT in the assessment of
COPD and employs an ULD technique comparable to that of a combined
dose from a PA and Lateral chest radiograph.

2. Materials and methods

2.1. Study design

We conducted a prospective single-arm study to compare Ultra low
dose (ULD) and standard dose (SD) thoracic CT in the assessment of
emphysema. Patients had a SD CT immediately followed by a ULD CT
on separate breath holds. The patient demographics including BMI were
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documented for each participant. The study was approved by the in-
stitutional review board and all patients gave informed consent. The
study and manuscript were prepared using the STARD checklist [4].

2.2. Participants

Patients with a diagnosis of COPD were recruited from the re-
spiratory medicine service in a tertiary referral university teaching
hospital between September 2013 and June 2014 and underwent con-
secutive SD and ULD thoracic CT studies. Patients were eligible for
inclusion if their age was>20 years and if they had a diagnosis of
COPD made by a respiratory physician. Exclusion criteria included
previous lobectomy or pneumonectomy, new or known diagnosis of
lung cancer, pneumonia and acute respiratory tract infection treated
with antibiotics within the preceding 8 weeks of study recruitment.
Pertinent demographics were recorded including smoking history,
functional status and physiologic measurements of lung function were
performed in a dedicated pulmonary laboratory. Fifty patients were
prospectively recruited to the study, one subject was excluded fol-
lowing recruitment due to a new diagnosis of lung carcinoma made on
the initial standard dose CT. Patient demographics are outlined in
Table 1.

2.3. CT acquisition protocol

Patients were scanned on a multidetector CT system (Aquilion
PRIME, Toshiba, Tokyo, Japan) using non-contrast SD and ULD scan
protocols. Scans were obtained from the lung apex to the costophrenic
angles in full inspiration. Patients were coached to perform similar
inspiratory effort for both scan acquisitions. ULD acquisition was per-
formed immediately following the SD acquisition on a separate breath-
hold. The SD protocol used a tube potential of 120 kVp and with tube
current modulation based on automated exposure control, pitch of 1.38,
rotation time of 500ms and an 80×0.5mm detector configuration
with images reconstructed in 1mm slice thickness. The ULD protocol
used a tube potential of 120 kVp, tube current of 10 mA without dose
modulation and pitch of 1.38 (yielding an effective output of 3mAs),
rotation time of 350ms and an 80×0.5mm detector configuration
with images reconstructed in 1mm slice thickness volume. Both pro-
tocols were reconstructed with a standard FC54 lung kernel and a
fourth generation adaptive iterative dose reduction using three di-
mensional processing technique (AIDR 3D, Toshiba) [5].

2.4. Measurements of emphysema severity

All studies were analysed by a subspecialty trained cardiothoracic
radiologist with ten year experience who was blinded to clinical in-
formation. Both sets of CT studies were reviewed on a dedicated re-
porting workstation using commercially available proprietary lung
analysis software (Lung Analysis V4.73, Toshiba) on diagnostic re-
porting monitors (Radiforce, Eizo and Coronis Fusion 6MP LED, Barco).
Fixed image window settings with a width of 1200 and level of −500
were applied for image review (Fig. 1). Automated computerised den-
sitometry assessment was performed by segmentation of the acquired
volumetric data by analysing pulmonary contours and diseased seg-
ments based on CT attenuation values. The severity of emphysema was
quantified by the low attenuation area percentage (LAA %). Hounsfield
Units (HU) of −940 was the baseline threshold used. This was chosen
over the −950 in other recent papers as this was our software manu-
facturers recommendation. We then performed additional assessments
at −920 and −960 to determine if changing the threshold caused a
significant difference in stratification by ULD versus SD. Visual maps
indicating distribution of emphysema and calculated parameters in-
cluding total lung volumes and percentage disease involvement were
derived (Fig. 2). Emphysema severity by densitometry was further
stratified based on the LAA involved into three groups – mild (< 10%
lung area), moderate (10–20%) and severe (> 20%).

2.5. Dose estimation

Dose-length product measurements (DLP, mGy-cm) were recorded
by the scanner following completion of all studies based on CT dose
index volumes (CTDIvol). Dose estimates (E, in milliSievert (mSv))
were calculated using an ICRP chest conversion factor
(E=DLP×0.014) [6].

2.6. Statistical analysis

Mean scores for disease severity were calculated for automated
emphysema scoring. Continuous data were expressed as mean ±
standard deviation where appropriate. Normality tests were initially
performed using the Shapiro-Wilk test. Continuous data were subse-
quently analysed using one-way repeated-measures analysis of variance
and paired t-tests. Between group correlation was performed using
linear regression analysis and the intraclass correlation coefficient (ICC)
using a two-way random effects model. The mean measurement bias
was compared using Bland-Altman analysis.

The agreement of the severity category between two protocols was
assessed by the kappa statistic.

Table 1
Patient demographics including smoking history, GOLD stage, exacerbations
and BMI.

No Age Gender Pack
years

No. of annual
exacerbations

GOLD stage BMI

1 62 F 20 2 C 22
2 84 F 40 1 A 24.9
3 62 F 45 1 A 21.4
4 64 M 100 2 D 23.9
5 75 F 30 3 D 28.4
6 47 F 30 1 B 31
8 73 F 50 2 C 28.2
9 66 F 15 0 A 29.6
10 70 F 0 4 C 28.1
11 80 F 30 2 D 24.3
12 56 M 50 0 A 34.6
13 57 F 40 2 C 27.8
14 65 F 0 0 A 21.2
15 82 M 50 2 D 27.7
17 59 M 60 3 C 28.2
19 70 M 40 1 A 30.7
22 70 M 15 2 C 22.1
23 61 M 0 0 A 40.5
24 71 M 50 1 A 23.5
25 72 M 2 6 D 26.8
26 64 F 55 0 B 44.1
27 59 M 35 4 D 30.5
28 63 F 80 2 D 61
29 61 M 40 2 D 30.1
30 57 M 40 4 D 23
31 77 M 60 0 A 29.1
32 64 F 20 3 C 32
33 75 M 60 3 D 30
34 46 M 35 3 D 29
35 75 F 75 1 B 32
36 69 M 50 3 D 30.9
37 68 M 40 1 A 24.2
38 74 F 30 0 B 26.8
39 63 M 40 1 A 30.8
39 61 F 40 3 D 32.9
41 66 M 100 0 D 24.1
43 70 M 60 3 C 30.9
44 49 M 30 4 D 24
45 58 F 40 6 D 24.2
48 54 M 50 0 A 33.9
49 53 M 40 0 A 18.7
50 76 F 5 1 A 18.7
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As sensitivity analyses, we changed the threshold to define the low
attenuation from −940 HU to −920 HU and −960 HU, and performed
the same analyses regarding LAA% to confirm if the main results were
robust. Statistical analysis was performed in SPSS 16.0 (SPSS, Chicago,
IL). A p-value of ≤0.05 was taken to represent statistical significance.

We also evaluated the effect of patient's BMI on the lung volume and
the low attenuation area. The absolute percent difference in the lung
volume and the absolute difference in LAA% between protocols were
correlated with BMI by using Spearman's rank correlation coefficient.

3. Results

Forty-nine patients were enrolled into the study between September
2013 and June 2014. The mean age of our cohort was 64.7 (range
46–82) years and included 26 male and 23 female subjects. Mean

Fig. 1. Image example of an ULD CT versus a STD CT on lung and mediastinal windows.

Fig. 2. Image example of the visual maps which indicate the distribution of emphysema and the calculated parameters including total lung volumes and percentage
of disease involvement.

Table 2
Comparison between the SD and ULD CT protocol for the assessment of em-
physema severity based on lung volume, automated threshold based segmen-
tation of emphysema involvement and effective dose.

SD ULD

Total lung volumes (ml) 5444 ± 1640 5569 ± 1613 p=0.17
Emphysema severity by automated

threshold segmentation
Mean % lung area ± SD 21.4 ± 10.9 23.0 ± 9.8 p=0.089
Mild (< 10%), N 9 4 ҡ=0.63
Moderate (10–20%), N 13 13
Severe (> 20%), N 27 32

Effective dose (mSv) 2.33 ± 1.54 0.12 ± 0.09 p < 0.001
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smoking history was 46.4 ± 24.8 pack years with an average of
2.9 ± 1.8 acute exacerbations per year, see Table 1.

3.1. Comparison of ULD and SD acquisition

Table 2 shows the results comparing SD and ULD CT protocol for the
assessment of emphysema severity based on total lung volume and
automated threshold segmentation of LAA% involved by emphysema.
There was no significant difference in mean lung volume. The agree-
ment of the severity classification between SD and ULD was moderate
(ҡ=0.63). However, overall mean LAA% was higher in the ULD
compared to the SD acquisition protocol and more patients were clas-
sified into severe category when using the ULD protocol.

Using the SD protocol study as a reference standard, there were
strong and significant correlations between both SD and ULD protocols,
as shown in Fig. 3, for both lung volume (R=0.925, ICC= 0.924, p-
values < 0.001) and LAA% (R=0.940, ICC= 0.926, p-values <
0.001).

Changing the threshold to define the low attenuation from
−940 HU to −920 HU and −960 HU had no significant impact on
results with equivalent R ICC and p values.

The BMI was available for 40 of the 49 patients (mean 28.8 ± 7.4).
The BMI moderately correlated with the difference in the lung volume
between protocols (σ=0.44, p=0.004). The findings related to BMI in
this study are likely due to the cohort of patients recruited as they
mostly had moderate to severe emphysema. The BMI is thought to have
a greater impact on the ULD protocol results in patients with mild
emphysema.

3.2. Radiation dose comparison between ULD and SD acquisition

There was a substantial dose saving with the ULD protocol with a
mean effective dose of 0.12 ± 0.09mSv versus 2.33 ± 1.54mSv with
the SD protocol (p < 0.001). This represents a 95% decrease in abso-
lute dose reduction over the standard CT thorax protocol.

4. Discussion

Emphysema remains one of the most prevalent smoking related lung
diseases and accounts for a significant burden to healthcare systems
globally. Description of the disease phenotype is an important factor in
determining suitability for lung volume reduction surgeries. CT pro-
vides information on the multifactorial components of COPD including
emphysema, air trapping and bronchial wall thickening. Measurement
of emphysema severity using CT densitometry techniques have been
established in the literature [7–9]. More recently, Ultra low dose
techniques have been developed allowing thoracic CTs to be acquired in
the sub-milliSievert (mSv) range [10–12]. However, such techniques
have not been widely applied to the assessment of emphysema severity
by CT lung densitometry. In the current study ULD CT was compared to
SD examinations performed on the same cohort. This methodology has
been applied previously in similar research [10–12].

The advancements in multi detector CT technology over the past
decade including high efficiency detectors, increased z-axis detector
coverage, rapid tube rotation times, contemporary iterative re-
construction techniques and refinements in scan protocols have resulted
in a major reduction in radiation dose to patients undergoing CT ex-
aminations [5,10,11,13]. With the ULD CT protocol utilised in our
study combining a low mAs setting with AIDR3D iterative reconstruc-
tion, we have demonstrated that accurate measurements of lung vo-
lume and emphysema severity by automated densitometry can be
achieved for the approximate equivalent dose of a combined poster-
oanterior and lateral chest radiograph [14]. Our data support and
complement related research in the field [15].

Due to the high intrinsic image contrast in pulmonary tissue, low
mAs can be used with a fixed kVp and overall image quality can be
relatively preserved. In our study, it was possible to reduce the tube
current-time product to a fixed 3mAs compared to approximately
40mAs employed in low dose CT protocols from lung cancer screening
studies [1,13]. When combined with a contemporary iterative re-
construction technique such as AIDR3D, the image quality in the ULD
scan protocol was sufficient for accurate assessment of emphysema
severity. Advanced iterative reconstructions allow improved signal to
noise ratio, maintaining a diagnostic image quality, even at very low
mAs compared to earlier generation iterative or filtered back projection
techniques. There was a non-significant trend to overestimate mild
emphysema severity on ULD images. Indeed 5 patients were upgraded
from mild to moderate and from moderate to severe when moving from
SD to ULD. If this was due to under-sampling (i.e. a type II error), it may
have potential implications for the use of ULD for screening as it could
upgrade some normal patients to mild disease. Further research is
needed in the quest for an accepted threshold, which may cast addi-
tional light on the sensitivity and specificity of ULD compared to SD. No
significant difference was seen for total lung volume estimation be-
tween both scan protocols.

It is acknowledged that patients with mild emphysema benefit from
early detection and therapeutic intervention compared to those with

Fig. 3. Graph demonstrating strong and significant correlations between both
SD and ULD protocols for both lung volume and LAA%.
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moderate-severe emphysema. Wang et al. studied a patient cohort
where 4 of 60 patients had more than subtle emphysema [15] in
comparison our case mix had more patients with moderate to severe
emphysema which we believe is more reflective of this clinically im-
portant population. In practice, the ULD technique may be better uti-
lised in the subtle-mild subgroup of patients with COPD.

CT densitometry has the ability to characterise emphysema pre-
dominant COPD as opposed to airway predominant or mixed disease.
The good correlation of results from SD and ULD CT for assessment of
emphysema suggests this protocol may have a role in the early detec-
tion of emphysema. We used a threshold segmentation value of
−940 HU to define low attenuation areas of emphysema, as this was
the recommended default threshold by the manufacturer. In addition,
to perform further sensitivity analyses the images were assessed using
thresholds of −920 and −960 HU. Our aim was not to decide on an
optimum cut off threshold for detecting emphysema but rather to
compare two CT acquisition protocols at a fixed threshold. Indeed, the
ideal CT threshold has not been established with different authors
suggesting threshold values ranging from −910 to −970 HU [16–19].

The average BMI calculated for our population was 28 kg/m2. The
BMI was moderately correlated with the difference in the lung volume
between protocols (σ=0.44, p=0.004), while the large difference in
LAA% was not associated with higher BMI. The less than expected
impact of body mass index on the correlation is likely secondary to the
mean severity of disease in the region of 21–23% (SD-ULD) unlike the
cohort in the Wang et al. study [15]. In the moderate-severe category
the impact of photon starvation would be less than in patients with
subtle or mild disease. The correlation of BMI and LAA% at SD and ULD
was tested at the three thresholds without significant impact on the
result.

4.1. Study limitations

The automated densitometry was performed by one chest radi-
ologist. While inter and intra observer agreement is well established in
ULDCT techniques [10–12] repeated analysis by multiple radiologists
may be helpful. These potential concerns are further mitigated by the
automation of volume estimation process [15,16].

The ULD scans were acquired and analysed on a scanner from a
single manufacturer and differing image quality results have been re-
ported with different imaging protocols/reconstruction techniques from
differing manufacturers [5,10,11,20]. Lee et al. described limitations in
the assessment of emphysema with a ULD protocol utilising a tube
current of 80 kVp and a sinogram-affirmed iterative reconstruction
technique (SAFIRE), particularly in the upper lobes where assessment
was limited by beam-hardening artefacts resulting from the shoulders
[10]. Neroladaki et al. also previously reported difficulty characterising
emphysema in their study which was based on a ULD protocol utilising
a 100 kVp tube voltage and a model based iterative reconstruction
(MBIR) [11]. We did not find this to be a problem with our ULD scan
protocol which is based on a tube voltage of 120 kVp.

Our study, unlike other papers [21], did not include any normal
controls which limits interpretation of results, especially when poten-
tially attempting to generalise results to a screening population. While
this limitation in study design lowers the level of evidence associated
with the study, the results and potential patient benefits therein, con-
tribute to the growing evidence base in favour of ULD techniques. As
stated 5 patients were upgraded from mild to moderate and from
moderate to severe when moving from SD to ULD which may be due to
Type II error. A larger sample size may have mitigated against this.
There are however potential benefits to over estimation when con-
sidering potential screening applications. Furthermore, especially when
considering potential screening applications of the ULD technique, ULD
decreases evaluation of soft tissues due to noise, which could limit the
utility of the technique. Finally, in more subtle disease the higher BMI
would have greater effect due to photon starvation potentially masking

subtle disease.

5. Conclusion

Our results demonstrate acceptable correlation between ULD and
SD thoracic CT for assessment of lung volume and densitometry. Thus
stratification of emphysema severity can be performed for the equiva-
lent dose of a PA and lateral chest radiograph.
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