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ABSTRACT

Objectives: To design and validate a scoring system for tomosynthesis (digital tomography)
in pulmonary cystic fibrosis.
Methods: A scoring system dedicated to tomosynthesis in pulmonary cystic fibrosis was
designed. Three radiologists independently scored 88 pairs of radiographs and tomosynthesis
examinations of the chest in 60 patients with cystic fibrosis and 7 oncology patients.
Radiographs were scored according to the Brasfield scoring system and tomosynthesis
examinations were scored using the new scoring system.
Results: Observer agreements for the tomosynthesis score were almost perfect for the total
score with square-weighted kappa >0.90, and generally substantial to almost perfect for
subscores. Correlation between the tomosynthesis score and the Brasfield score was good for
the three observers (Kendall’s rank correlation tau 0.68, 0.77 and 0.78). Tomosynthesis was
generally scored higher as a percentage of the maximum score. Observer agreements for the
total score for Brasfield score were almost perfect (square-weighted kappa 0.80, 0.81 and
0.85).
Conclusions: The tomosynthesis scoring system seems robust and correlates well with the
Brasfield score. Compared with radiography, tomosynthesis is more sensitive to cystic
fibrosis changes, especially bronchiectasis and mucus plugging, and the new tomosynthesis
scoring system offers the possibility of more detailed and accurate scoring of disease severity.
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Key points:
-

Tomosynthesis is more sensitive than conventional radiography for pulmonary
cystic fibrosis changes

-

The radiation dose from chest tomosynthesis is low compared with computed
tomography

-

Tomosynthesis may become useful in the regular follow-up of patients with CF
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INTRODUCTION

Tomosynthesis (digital tomography) is a low dose alternative to computed tomography (CT)
in the evaluation of pulmonary cystic fibrosis (CF). In tomosynthesis multiple tomographic
sections of the lungs have an appearance similar to radiography, with sharply depicted
structures in each section and blurred structures outside the section (Fig. 1). This gives
superior visualisation of for example metastases [1] compared with radiography and a more
detailed assessment of CF pulmonary changes, such as mucus plugging and bronchiectasis
[2].
Scoring of tomosynthesis studies with radiographic CF scoring systems [3-13] is not optimal
because additional information gained from the sectional imaging in tomosynthesis cannot be
accurately incorporated into the radiography scores, with loss of important image information.
On the other hand, tomosynthesis does not show all the abnormal features used for CT scoring
[14-22], such as ground glass opacities, regional emphysema, mosaic perfusion, or focal air
trapping on expiratory images. Also, many CT scoring systems score individual
bronchopulmonary segments or lobes, which cannot be accurately defined by tomosynthesis.
The purpose of this study was to describe and validate a CF scoring system dedicated to
tomosynthesis. The scoring system was designed to score the whole spectrum of mild to
severe pulmonary changes in CF with well-defined scoring parameters, illustrated with
reference images, and aiming at high interobserver reliability as well as ease of use, with a
straightforward calculation of the total score.
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MATERIALS AND METHODS

Tomosynthesis technique
The radiographic study consists in each case of posteroanterior (PA) or anteroposterior (AP)
tomosynthesis including a PA (or AP) chest radiograph, combined with a lateral radiograph.
Tomosynthesis was performed with a commercially available product (Definium 8000; GE
Healthcare, Chalfont St Giles, UK, and VolumeRAD; GE Healthcare), described in detail in
several reports [1, 23-25]. Sixty low-dose projection images from tube angles from − 17.5° to
+17.5° were used to reconstruct up to 60 coronal sectional images without overlap, with a
nominal thickness of 3 mm for children and 4 mm for adults. Imaging time is approximately
10 s during a breath held on full inspiration. As small children cannot cooperate adequately
tomosynthesis is currently only used in children around 8 years of age and older. Adults and
teenagers are examined upright (PA) while children under 12 years are examined supine (AP),
making it easier for them to be still and hold their breath, thus reducing motion artefacts.

Scoring system
Our scoring system evaluates chest tomosynthesis examinations, which consist of
tomosynthesis including the scout radiograph and a lateral radiograph. The scoring form (Fig.
2) provides clearly defined for the severity and extent of five well-recognised pathological
changes in CF: overinflation, bronchial wall thickening, parenchymal lesions, bronchiectasis
and mucus plugging.

Score components
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Overinflation is scored on the PA (or AP) and lateral radiographs. For the other scoring
components the lungs are divided at the level of the first division of the left main bronchus,
clearly seen on tomosynthesis sections (in most patients corresponding to the level of the
minor fissure). Each lung quadrant is scored for bronchial wall thickening, parenchymal
lesions (atelectases or consolidation), number and appearance of bronchiectatic bronchi, and
large or small mucus plugs, using all tomosynthesis sections covering the quadrant in
question. The proper scoring level is determined by comparing the findings with reference
images in the Electronic Supplementary Appendix (two examples of scoring levels are shown
in Fig. 3) and by relating to the score definitions given on the scoring form (Fig. 2), described
in more detail below.

Overinflation is characterised by depression and flattening of the diaphragm, uplifted heart
position, retrosternal lucency, sternal bowing, thoracic kyphosis and vascular oligaemia.
Bronchial wall thickening is defined as parallel linear densities or end-on circular densities,
and is scored as none, present (when visible in lung regions peripheral to the central parts of
the segmental bronchi) or marked.
The extent of parenchymal lesions (atelectases or consolidation) is scored by number and
size of lesions, with lesion size related to the volume of the 7th thoracic vertebra (the depth is
estimated by counting the number of sections including the vertebra).
Bronchiectasis is scored for both number and appearance of abnormalities [26-28] and is
present when a non-tapering bronchus (cylindrical, varicose or cystic) is detected, when the
broncho-arterial ratio is larger than 1, or when a visible bronchus is detected close to the
pleura (less than 2 cm, depending on patient size). If a bronchiectatic bronchus divides into
two dilated branches, only the branches are counted. Cylindrical bronchiectasis is a mildly
and uniformly dilated bronchus, with a more or less straight outline. An only discretely
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dilated bronchus with a straight outline is a subtle cylindrical bronchiectasis. A clearly dilated
bronchus with a slightly irregular outline is markedly cylindrical. Varicose bronchiectasis is a
moderately dilated bronchus with local constrictions, giving the airway an irregular or beaded
outline. Cystic bronchiectasis is a severely dilated bronchus, with a ballooned appearance and
strings of cysts or grape-like clusters in the peripheral part of the bronchus.
Mucus plugging is scored for the extent of large and small mucus plugs. Large mucus plugs
are tubular opacities, with or without a branching pattern, or rounded opacities 5 mm in
diameter or larger, differentiated from vessels by their continuity with bronchi. Small mucus
plugs are small clustered nodular opacities less than 5 mm in diameter or tree-in-bud patterns
[29, 30] in the periphery of the lobes. The extent of small mucus plugs is also determined
relative to the volume of the 7th thoracic vertebra.

Maximum total score
The scoring components overinflation, parenchymal lesions, bronchiectasis and mucus
plugging have five scoring levels (0–4). Bronchial wall thickening has three scoring levels (0–
2–4). The most severe score is 4 for all scoring components and subcomponents.
Overinflation is scored for both lungs together, all other scoring components for each
quadrant. The maximum score is 4 for overinflation, 16 for bronchial wall thickening and
parenchymal lesions, and 32 for bronchiectasis and mucus plugging, with a maximum total
score of 100.

Validation of the scoring system
In a prospective study, approved by the local ethics committee (DNR 2008/268, 2008/670 and
2010/306) and with informed consent from all patients or legal guardians 31 children and
teenagers with CF (13 boys, 18 girls, mean age 13, range 8–19 years) and 31 adults (17 men,
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14 women, mean age 30, range 20–59 years) with CF were included. Forty-two patients were
examined once, 17 patients twice and 3 patients three times (totally 85 examinations). Seven
children and teenagers without CF (6 boys, 1 girl, mean age 13, range 8–19 years), screened
for lung metastases with normal imaging findings, were included to provide normal base-line
studies. Four paediatric CF tomosynthesis examinations were excluded for motion artefacts.
Eighty-eight anonymised pairs of chest radiographs and tomosynthesis examinations from 67
patients were independently scored by two paediatric radiologists and one chest radiologist,
aware that not all cases represented CF patients. The radiographs were scored first, using the
Brasfield scoring system [6]. Then the corresponding tomosynthesis study was scored using
the new tomosynthesis scoring system. Scoring forms for radiography [6] and tomosynthesis
(Fig. 2) were filled out by all observers. Reference images similar to the Electronic
Supplementary Appendix, but not from study cases, were provided illustrating the different
score components and evaluation levels.

Statistics
Cohen’s kappa with quadratic weighting [31] and percentage agreement were used for
assessment of agreements between observers for total disease severity scores and subscores of
the tomosynthesis score. The kappa coefficient may be translated into strength of agreement
as ≤0=poor, 0.01–0.20=slight, 0.21–0.40=fair, 0.41–0.60=moderate, 0.61–0.80=substantial
and 0.81–1=almost perfect [31]. Disagreement between two observers could be systematic or
random. Quantification of the disagreement between paired ordered categorical classifications
was done using a method by Svensson and Holm [32, 33]. Two types of systematic variation
are possible: the fist due to overestimation or underestimation of the classifications, and the
second due to the concentration of the classifications. Systematic overestimation (or
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underestimation) occurs when an observer generally classifies cases as being more (or less)
abnormal than another observer does. Systematic concentration occurs e.g. when an observer
uses the middle part of the scale more frequently than another observer who uses the extremes
of the scale more often. Overestimation or underestimation is reflected by the variable relative
position (RP), and concentration by the variable relative concentration (RC). The possible
values for RP and RC range from -1 to 1, with 0 indicating no systematic disagreement. The
pattern of random differences was quantified using the variable of relative rank variance
(RV). Random errors could be caused e.g. by guessing or losing concentration. The possible
values for RV are between 0 and 1, with 0 indicating no random contribution. Kendall’s rank
correlation tau was used to assess the correlation between the total disease severity scores for
tomosynthesis and radiography.
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RESULTS

Overall observer performance
Observer agreements for the total disease severity score in the tomosynthesis scoring showed
almost perfect correlation with kappa values >0.90 for the three pairs of observers (Table 1
and Fig. 4). The observer agreements for all subscores were also high (Table 1). The RV was
close to zero for all subscores, thus the random differences between observers were low and
the observers were consistent when scoring the examinations. The percentage agreement
differed more because of some systematic differences between the observers. Observer 3
systematically scored slightly higher for number of bronchiectatic bronchi and large mucus
plugs than the other two, generating a RP farther from zero when comparing these pairs. The
other two observers had a higher agreement on the scoring levels for all subscores, with RP
near zero for this pair of observers. The RC was generally near zero for all subscores for the
three pairs of observers, thus the observers used the scoring levels in a similar way.
Judged by kappa values observer agreements regarding overinflation were for two pairs of
observers substantial and for one pair moderate, although the percentage agreement was only
approximately 0.5 (Table 1). A tendency towards somewhat higher RV for overinflation
compared with other subscores was observed, but the systematic disagreement was very low.
Expressed as kappa values, agreements for the score for bronchial wall thickening were
almost perfect for two pairs of observers and substantial for one pair (Table 1). However, as
can be seen from the values for RC, observer 1 used the scale somewhat differently from the
other two. Observer agreements for parenchymal lesions were moderate for two pairs of
observers and substantial for one pair, judged by kappa values, and no obvious systematic
differences were noted (Table 1). Agreements for the number of bronchiectatic bronchi were
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substantial for two pairs of observers and almost perfect for one pair, judged by kappa values.
Agreements for the appearance of bronchiectasis were almost perfect for all three pairs of
observers (Table 1). Observer 3 systematically scored slightly higher for number of
bronchiectatic bronchi than the other two, generating a RP farther from zero when comparing
these pairs. The agreements for large mucus plugs were almost perfect for two pairs of
observers and substantial for one pair, judged by kappa values. The agreements for small
mucus plugs were substantial for two pairs of observers and almost perfect for one pair (Table
1). However, some systematic differences between the observers were noted: observer 3
systematically scored slightly higher for number of large mucus plugs (RP), and observer 1
used the scale for small mucus plugs somewhat differently from the two others (RC).

Comparison tomosynthesis – radiography
Observer agreements for total disease severity scores were almost perfect for radiography [6]
with kappa values 0.80, 0.81 and 0.85 for the three pairs of observers (Table 2, Fig. 5). The
scoring results for tomosynthesis and for radiography showed good correlation between the
total disease severity scores, and Kendall’s rank correlation tau was 0.68, 0.77 and 0.78 for
the three observers. Tomosynthesis was generally scored higher with regard to percentage of
maximum score with mean tomosynthesis score for the three observers of 30% of the
maximum score and mean Brasfield score of 24% of the maximum score (Fig. 6).
Diversity in the tomosynthesis scores was greater than with the Brasfield score (Figs. 6-8).
Many patients who were scored normal for linear markings with radiography were scored for
presence of bronchial wall thickening with tomosynthesis (Fig. 7). Patients without apparent
nodular cystic lesions on radiographs had bronchiectasis or mucus plugs detectable with
tomosynthesis; 14 patients (16%) were scored normal for nodular cystic lesions on
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radiographs but were scored positive for bronchiectasis or mucus plugs with tomosynthesis by
all observers (Fig. 8).
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DISCUSSION

Tomosynthesis can show structures in more detail than radiography, and allows for a superior
assessment of bronchiectasis and mucus plugging, which according to some authors [15, 34]
are the most specific changes of CF pulmonary disease. This tomosynthesis scoring system is
based on previously reported scoring systems for radiography [3-13] and CT [14-22]. Typical
findings of CF pulmonary disease seen with tomosynthesis and evaluated with the scoring
system are overinflation, bronchial wall thickening, parenchymal lesions, bronchiectasis and
mucus plugging. As pulmonary lobes or bronchopulmonary segments are difficult to delineate
with tomosynthesis, findings are instead scored per quadrant. In established CF radiography
scoring systems [5, 6, 9] for example bronchiectasis and mucus plugging are rated
subjectively for increasing severity, without definition of the scoring levels. To increase the
accuracy of the tomosynthesis scoring system we created well-defined scoring levels,
supported by reference images.
The extent of parenchymal lesions and small mucus plugs were evaluated in relation to the
volume of the 7th thoracic vertebra instead of the size of the scored area (which is common in
CT scoring systems), owing to difficulties in estimating the relative involvement of the
quadrants. Giving a measurement in centimetres would also be inadequate as the scoring
system is designed to be used independent of patient age and size.
In most CT scoring systems bronchiectasis is rated for severity, i.e. bronchus diameter
compared with the adjacent blood vessel, and extent [14, 16-19, 22]. In tomosynthesis this
method is not optimal as the vessels in the periphery of the lungs are often difficult to define
in patients with severe CF changes, which would make measurements unreliable. In the CT
scoring system of Nathanson [15], on the other hand, bronchi affected by bronchiectasis are
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scored for appearance (cylindrical, saccular or cystic) and for extent. In the proposed
tomosynthesis scoring system bronchiectatic bronchi are rated for number and appearance.
The whole lung volume is included in the tomosynthesis examinations and the contiguous
tomosynthesis sections offer the ability to observe a bronchus in its full length and thereby
assess the number and types of bronchiectatic lesions. In previous studies the number of
abnormal airways found with high resolution CT has been shown to correlate with the degree
of impairment of pulmonary function [28] and the classification of the type of bronchiectasis
has been described as a useful index of disease severity [27].
Observer agreements for the total score in the tomosynthesis scoring showed almost perfect
correlation and observer agreements for all subscores were generally high (Table 1, Fig. 4).
The subscore of overinflation showed slightly lower observer agreements than the other
subscores, probably due to the lack of quantification of scoring levels. The scoring of
overinflation is performed by comparing with the reference images and is thus more
subjective. There was only a slight systematic variation between observers for the
subcomponents of the number of bronchiectatic bronchi and large mucus plugs but no random
variation, thus showing that the scoring system is robust (Table 1).
Except for overinflation, the tomosynthesis score evaluates the four quadrants separately for
all subscores with a total score of 16 for each component or subcomponent. In the Brasfield
score for radiography [6] both lungs are rated simultaneously with a total score of 4 or 5 for
each component. For example, with the Brasfield scoring system nodular cystic lesions are
scored for both lungs with a maximum score of 4. In the tomosynthesis score bronchiectasis is
scored for both number and appearance and mucus plugging is scored for both large and small
mucus plugs, for each lung quadrant, with a maximum score of 64 for both lungs. Thus a
higher diversity of scores in a patient population can be achieved with the tomosynthesis
score (Figs. 6–8) giving the possibility of earlier detection of disease progression or alteration
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of lung status. The tomosynthesis scoring system, having a higher maximum score, offers the
possibility of a more detailed scoring of disease severity than radiography using the Brasfield
scoring system. As tomosynthesis is more sensitive to pulmonary CF changes than
radiography, the total disease severity scores were generally higher for tomosynthesis than for
radiography with regard to percentage of the maximum score.
The scoring of a tomosynthesis examination takes approximately 5 to 15 min to perform,
depending on the severity of changes and experience of the reader. Thus, the scoring system
probably mainly will be used for yearly check-ups, for treatment evaluation in severe or
complicated cases as well as for research and quality assurance projects. The total score is
simply calculated by a summation of all subscores. In the Electronic Supplementary Appendix
reference images are provided from cases where the observers agreed on the scoring levels.
The proposed tomosynthesis score correlates well with the Brasfield scoring system, with
good observer agreements for the total disease severity score. The current study has shown at
least as good observer agreements for the tomosynthesis score as for radiographs evaluated
with the Brasfield score. The purpose of the study was to design and validate a scoring system
for tomosynthesis, not to define when to perform tomosynthesis or CT, or compare
advantages and disadvantages of these two methods, which will be the purpose of future
research.

The limitations of tomosynthesis are mainly related to the present acquisition time of 10 s,
under breath hold at inspiration, which restricts use in small children. According to our
experience, however, the examination quality can be substantially increased by training the
patients in breath-holding techniques before the examination, preferably even at home.
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Localised air-trapping on expiratory images is well assessed with CT and is thought to reflect
small airway disease that occurs early in the course of pulmonary CF disease [35], and may be
a useful feature in assessing children with mild CF lung disease [22]. Unfortunately, this
cannot be accurately evaluated with tomosynthesis.
Dose considerations in radiological examinations are increasingly important as young patients
with CF today may have a life expectancy of 40–50 years or more [36]. The effective adult
dose from a PA and a lateral chest radiograph using a digital detector is approximately 0.04 to
0.05 mSv [24]. The effective dose from chest tomosynthesis has been reported to be 0.12 [1]
to 0.13 [24] mSv for adults. In children 8 to18 years old (median age 13) at our institution the
effective dose has been determined to be approximately 0.08 mSv for chest tomosynthesis and
0.04 mSv for chest radiography (PA and lateral views). Thus chest tomosynthesis results in an
approximately 2- to 3-fold increase in effective dose compared with chest radiography. The
role for CT as a routine assessment method in the management of CF lung disease is still
controversial owing to dose issues and is under investigation [37-40]. As tomosynthesis
exposes the patient to a comparatively low radiation dose of only about 10% of the dose from
CT with low-dose protocols [41] and is performed on the same X-ray system as chest
radiography (adding only about 1 min to the normal examination time), it may become useful
in the regular follow-up of CF patients as well as in the everyday clinical practice.

In conclusion, the proposed tomosynthesis scoring system for pulmonary cystic fibrosis has
been shown to be robust and correlates well with the total disease severity score of the
Brasfield scoring system for radiography. Tomosynthesis is more sensitive to cystic fibrosis
changes, in particular bronchiectasis and mucus plugging, and shows them in more detail than
radiography. The tomosynthesis scoring system, with a higher maximum score than Brasfield
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score, offers the possibility of a more accurate scoring of disease severity. Furthermore, the
radiation dose from tomosynthesis is low. Considering these aspects we believe that
tomosynthesis has the potential to become a useful tool in the regular follow-up of cystic
fibrosis patients.
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FIGURE LEGENDS

Fig. 1. A 32-year-old man with cystic fibrosis. The mean total Brasfield score for the three
observers for the posteroanterior (a) and lateral radiograph was 10.7 (48.5% of the maximum
score). The mean total score for tomosynthesis was 69.3. On two tomosynthesis sections (b
and c) marked bronchial wall thickening, bronchiectasis and extensive mucus plugging can be
seen
Fig. 2 a, b. The scoring form of the tomosynthesis cystic fibrosis scoring system (two pages)
Fig. 3 a, b. Examples of reference images for scoring of the appearance of bronchiectasis (a)
and extent of small mucus plugs (b) from the Electronic Supplementary Appendix
Fig. 4. Comparison of total disease severity scores for tomosynthesis between observers
(observer 1 vs. observer 2: black squares and observer 1 vs. observer 3: red triangles)
Fig. 5. Comparison of total disease severity scores for radiography between the observers
(observer 1 vs. observer 2: black squares and observer 1 vs. observer 3: red triangles)
Fig. 6. Comparison of the total disease severity scores for radiography and tomosynthesis in
percentage of the maximum score for the three observers (observer 1: black dots, observer 2:
green squares and observer 3: red triangles)
Fig. 7. Comparison of the scores for linear markings on radiographs and bronchial wall
thickening on tomosynthesis sections for the three observers (observer 1: black dots, observer
2: green squares and observer 3: red triangles)
Fig. 8. Comparison of the scores for nodular cystic lesions (NCL) on radiographs with the
sum of the scores for bronchiectases and mucus plugging (BMP) on tomosynthesis sections
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for the three observers (observer 1: black dots, observer 2: green squares and observer 3: red
triangles)
Table 1. Comparisons of the total scores and subscores for tomosynthesis for the three pairs
of observers. For each score the values in the first row represent observer 1 vs. observer 2, in
the second row observer 1 vs. observer 3, and in the third row observer 2 vs. observer 3
Score

Possible
range (all
quadrants)

Squareweighted
kappa

Relative
rank
variance

Percentage
agreement

Relative
position

Relative
concentration

Total

0-100

0.90

0.021

0.52

-0.022

-0.025

0.91

0.011

0.44

0.079

-0.11

0.90

0.016

0.45

0.10

-0.099

0.71

0.024

0.57

0.040

0.054

0.61

0.069

0.49

0.018

0.034

0.56

0.075

0.52

-0.023

-0.019

0.76

0.052

0.44

0.00026

-0.11

0.82

0.037

0.56

0.0048

-0.13

0.84

0.037

0.53

0.0045

-0.013

0.74

0.019

0.67

0.029

-0.027

0.58

0.063

0.63

-0.029

-0.074

0.59

0.061

0.63

-0.057

-0.051

0.93

0.029

0.32

-0.021

0.059

0.79

0.052

0.19

0.26

-0.076

0.75

0.051

0.13

0.29

-0.16

0.93

0.040

0.34

-0.010

0.012

0.93

0.029

0.26

0.055

0.15

0.92

0.041

0.25

0.047

0.13

0.88

0.0024

0.75

-0.094

-0.052

0.82

0.020

0.57

0.16

-0.050

0.65

0.016

0.58

0.25

0.0053

0.84

0.027

0.49

-0.041

-0.11

0.75

0.057

0.44

0.058

-0.19

0.78

0.052

0.42

0.094

-0.079

Overinflation

Bronchial wall
thickening

Parenchyma

Number of
bronchiectases

Severity of
bronchiectases

Large mucus
plugging

Small mucus
plugging

0-4

0-16

0-16

0-16

0-16

0-16

0-16
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Table 2. Comparisons of the total scores for radiography for the three pairs of observers. In
the first row the values represent observer 1 vs. observer 2, in the second row observer 1 vs.
observer 3, and in the third row observer 2 vs. observer 3

Score

Squareweighted
kappa

Relative
rank
variance

Percentage
agreement

Relative
position

Relative
concentration

Brasfield score

0.85

0.023

0.53

0.0075

-0.037

0.80

0.053

0.39

-0.016

-0.17

0.81

0.070

0.32

-0.028

-0.14

0
20
40
60

Observer 1
80
100

0

20

40

60

Observer 2 (squares) and 3 (triangles)
80

100

0
5
10

Observer 1
15
20

0

5

10

15

Observer 2 (squares) and 3 (triangles)
20

0
20
40

Radiography
60
80
100

0

20

40

60

Tomosynthesis
80

100

0
1
2

Radiography, Linear markings
3
4

0

4

8

12

Tomosynthesis, Bronchial wall thickening
16

0
1
2

Radiography, NCL
3
4

0

20

40

Tomosynthesis, BMP
60

80

