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Abstract
Background: Chest computed tomography (CT) emphyse-
ma quantification is a vital diagnostic tool in patient evalua-
tion for bronchoscopic lung volume reduction (BLVR). 
Smooth kernels for CT image reconstruction are generally 
recommended for quantitative analyses. This recommenda-
tion is not always followed, which may affect quantification 
of emphysema extent and eventually, treatment decisions. 
Objective: The main goal is to demonstrate the influence of 
CT reconstruction kernels on emphysema quantification in 
patients with severe COPD, considered for BLVR. Methods: 
Chest CT scans were acquired with one multi-detector CT 
system and reconstructed using three different kernels: 
smooth, medium smooth, and sharp. Other parameters were 
kept constant. Emphysema scores (ESs), meaning the per-
centage of voxels below −950 Hounsfield units, were calcu-
lated and compared to the smooth reference kernel using 
paired t tests. Bland-Altman plots were made to assess the 
biases and limits of agreement between kernels. Results: 
Ninety-eight COPD patient CT scans were analyzed. The 

sharp kernel had a systematic bias of 6.2% and limits of 
agreement of 16.6% to −4.2% compared to the smooth ker-
nel. The medium smooth kernel had a systematic bias of 
5.7% and limits of agreement of 9.2% and 2.2% compared to 
the smooth kernel. The ES differed, for a single patient, up to 
18% for different kernels. Conclusions: Chest CT kernel re-
construction can lead to a significant difference in emphy-
sema severity quantification. This may cause invalid treat-
ment selection in COPD patients evaluated for BLVR. Stan-
dardization of a smooth CT kernel setting and/or 
normalization to a standard kernel is strongly recommend-
ed. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Emphysema quantification using computed tomogra-
phy (CT) densitometry is a vital diagnostic tool for evalu-
ation for lung volume reduction (LVR) in patients suffer-
ing from chronic obstructive pulmonary disease (COPD). 
Emphysema quantification can be used to properly select 
the most suitable treatment target lobe. The target lobe is 
preferably highly emphysematous, hyperinflated, and 
air-trapped, and consequently contributes scarcely to gas 
exchange [1].

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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Now that LVR can be performed bronchoscopically 
and, therefore, less invasively, this kind of treatment is 
implemented more often [2]. With its rise, the impor-
tance of accurate emphysema quantification increases as 
well. The treatment target lobe is most often required to 
have at least 30% emphysema [3]. Inaccurate emphysema 
measurements may lead to invalid target lobe selection. 
For example, a severely emphysematous lobe may be de-
termined as relatively unaffected and may consequently 
not be selected or vice versa, potentially harming the pa-
tient.

One of the most frequently used emphysema quantifi-
cations is the “emphysema score.” This score is the per-
centage of the number of voxels below a defined Houns-
field units (HU) threshold on an inspiratory CT scan, us-
ing a thin slice high-resolution CT reconstruction. The 
−950 HU threshold has been established by examination 
of pathological evidence for emphysema quantification 
[4, 5]. However, such a threshold does not account for the 
diversity of CT acquisition and reconstruction settings 
available such as the tube voltage, reconstruction kernel, 
and slice thickness used. It is known that these settings 
can have a significant influence on the measured percent-
age of voxels below the HU threshold [6, 7].

Kernels are reconstruction filters that are distinguished 
by the amount of spatial frequency filtering they perform. 
Spatial frequency filtering can be interpreted as giving 
weights to the sizes of structures in an image. A sharp ker-
nel retains or accentuates high spatial frequencies, high-
lighting details at the cost of noise. A smooth kernel filters 
out the high spatial frequencies, and therefore, filters out 
noise at the cost of detail. Filtering the high spatial fre-
quencies essentially has the effect of averaging voxels over 
a larger area. Given a scan with a normally distributed 
histogram, kernel choice does not severely impact the 
mean lung density. However, the standard deviation is 
impacted. Smooth kernels have a raised histogram com-
pared to sharp kernels, and therefore, the standard devia-
tion is decreased for smooth kernels compared to sharp 
kernels. Since the emphysema score is the proportion of 
voxels below −950 HU, this can lead to different emphy-
sema scores for distinct kernels. In a similar way, a rela-
tively large slice thickness averages over a larger area and 
thereby mitigates noise at the cost of detail, affecting em-
physema scores as well [7].

The Quantitative Imaging Biomarkers Alliance 
(QIBA) has a CT guideline in place for emphysema mea-
surements. QIBA suggests that the spatial frequency de-
pendence of the noise in the CT images should be matched 
to those typically found in smooth kernels and that a slice 

thickness is to be used of ≤1 mm [8]. However, this guide-
line is not always followed. In fact, a wide variety of re-
construction parameters is used [9]. Therefore, emphy-
sema scores may differ between facilities and CT scan-
ners, and, consequently, patient and/or lobe selection 
may not be optimal in every facility.

The effect of CT kernel reconstruction on emphysema 
quantification has been studied before [7]. However, this 
was performed in a small diverse patient cohort. The spe-
cific effect in a population of severe emphysematous 
COPD patients is unknown. Furthermore, no studies 
have been performed in a bronchoscopic lung volume re-
duction (BLVR) patient population, where precise em-
physema quantification is critical [3].

The goal of this study is to demonstrate the effect of 
CT kernels on the emphysema score in a population of 
patients with severe COPD under evaluation for BLVR. 
A secondary goal is to determine the proportion of CT 
scans of patient referrals to our clinic that are suitable, ac-
cording to the QIBA recommendations, for quantitative 
emphysema assessment.

Materials and Methods

Patients
We included COPD patients under evaluation for BLVR be-

tween October 2017 and October 2018, visiting the University 
Medical Center Groningen, the Netherlands. This research did not 
fall within the scope of the WMO (Medical Research involving hu-
man subjects act), but all patients gave written informed consent 
to the use of their data. For their BLVR evaluation, the patients had 
a clinical indication to perform both pulmonary function tests and 
an in/expiration CT scan. For this evaluation, we receive referrals 
from the entirety of the Netherlands.

Chest CT Acquisition and Quantification
Patients were breath-coached, by a standard voice recording, 

to maximum inspiration at CT acquisition (CT Somatom Defini-
tion Flash, Siemens Healthineers, Erlangen, Germany). Scans were 
reconstructed with three different kernels: B31f (smooth), B45f 
(medium smooth), and B60f (sharp) (Siemens Healthineers, Er-
langen, Germany). The tube voltage was 100 kVp for patients be-
low 80 kg, 120 kVp for patients between 80 and 110 kg, and 140 
kVp for patients above 110 kg. The reference tube current was 75 
mAs. The reconstructed slice thickness was 1 mm.

CT scans were quantitatively analyzed using automated, com-
mercial software (LungQ, Thirona, Nijmegen, The Netherlands). 
This software segments the lungs and calculates the emphysema 
score based on that segmentation, based on −950 HU as threshold.

Evaluation of CT Scans of Patient Referral Cohort
For our secondary analysis on the quality of the referral CT 

scans, we included all externally made CT axial inspiration recon-
structions that were sent to us for our BLVR evaluation at our cen-
ter between May and December 2021. We excluded all coronal, 
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sagittal, maximum intensity, and minimum intensity projection 
reconstructions from this analysis. Additionally, scans using con-
trast were excluded, since the contrast increases the mean density 
of the parenchyma, which has an influence on the emphysema 
score as well [10, 11].

All included reconstructions were assigned to one of two cat-
egories, sharp and smooth. We chose for a dichotomy because 
strict kernel categories are difficult to define since there are four 
major vendors with a multitude of different kernels. Allocation of 
the kernels into one of the two categories was done on the basis of 
a study that sorted kernels from multiple vendors from smoothest 
to sharpest [12] and on visual assessment (see Table 1).

We assessed the number of scans that matched our inclusion 
criteria for each patient, and we evaluated the number of patients 
with a smooth kernel scan and/or a scan with a slice thickness 
smaller or equal to 1.0 mm, according to the protocol suggested by 
QIBA. Furthermore, we assessed the number of patients with a 
scan matching both criteria.

Statistics
The emphysema score distributions resulting from the differ-

ent kernels were checked visually for normality and subsequently 
compared by paired t tests. Furthermore, Bland-Altman plots were 
made to assess the systemic and proportional bias. p values below 
0.05 were considered significant. All statistical analyses were per-
formed in SPSS version 28 (IBM Corporation, Armonk, NY, USA).

For all comparisons, we assumed that the smooth kernel repre-
sented the reference standard. This is based on the suggestions 
from QIBA.

Results

We included 98 severe COPD patients, 72.4% were fe-
male, with a mean age of 61.6 (±7.6) years. Mean forced 
expiratory volume (FEV1) was 28.3 (±8.5) % predicted, 
and residual volume (229.4 (±48.7) % predicted. The CT 
tube voltage used was 100 kVp for 73 patients, 120 kVp 
for 24 patients, and 140 kVp for 1 patient. The paired t 
tests showed significant differences in emphysema score 
between the smooth kernel and the other kernels. The 
mean ES for the smooth kernel was 33.3 (±9.2) %, for the 
medium smooth kernel 39.0 (±7.9) %, and for the sharp 
kernel 39.5 (±5.1) %. The ES for medium smooth kernel 
was a mean 5.69%-point (95% CI: −8.31 to −3.08%-point) 
higher than for the smooth kernel and for the sharp ker-
nel this was a mean 6.20%-point (95% CI: −8.82 to 
−3.59%-point) higher than for the smooth kernel. The 
medium smooth kernel resulted in an average 0.51%-point 
(95% CI: −3.12 to 2.10%-point) lower ES than the sharp 
kernel. The overall trends are demonstrated in Figure 1. 
In this figure, a random selection of patients are included, 
for the clarity of the figure. The distribution of the em-
physema scores was largest for the smooth kernel and 
smallest for the sharp kernel (Fig. 2).

Bland-Altman plots (Fig. 3, 4) demonstrate a system-
atic bias in the emphysema score, which are the mean dif-
ferences between the kernels described above. The Bland-
Altman plots demonstrated a proportional bias as well. 
As the sharpness of the kernel increases, the influence of 
noise increases as well, driving the emphysema scores 
more to a narrower range of emphysema scores. This is 
reflected in the Bland-Altman plots. For the population 
of severe COPD, evaluated for BLVR, the following holds: 
the lower the severity of emphysema, the higher the over-
estimation in the sharp kernel. The limits of agreement 
were 9.18 and 2.21 for smooth and medium smooth, 
16.61 and −4.20 for smooth and sharp, and 7.84 and −6.82 
for medium smooth and sharp.

Evaluation of CT Scans of Patient Referral Cohort
For this secondary analysis, we included 100 pa-

tients. Due to the exclusion of CT scans with iodine 
contrast scans 92 patients remained. Of the remaining 
scans, 89% included at least one reconstruction with 

Table 1. Categorization of kernels

Vendor Kernel

smooth sharp

Philips A L
B IMR1,SharpPlus
IMR1,Routine YC
IMR1,Soft Tissue YA

Toshiba FC02 FC30
FC03 FC51
FC08 FC56
FC12 FC81
FC17 FC86
FC19

Siemens B26f B60f
B30f B70f
B31f B90s
B40f Br58f
B41s Br59f
Br36f Br64f
Br38f Br59d
Br40f Br69d
Br36d Bl57f
Br40d Bl57d
Bf37f I70f
Bf39f
Bl56f
I31f

GE Soft Lung
Standard HD Lung
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smooth kernel. Furthermore, 88% included at least one 
scan with a slice thickness of 1.0 mm or lower. How-
ever, overall, only 40% included at least one scan with 
both criteria met and were therefore suitable for reliable 
QCT analysis according to QIBA. Figure 5 shows the 
flowchart of inclusion.

Conclusion

In this population of severe COPD patients evaluated 
for BLVR, we showed that the kernel choice has a signifi-
cant impact on the quantified emphysema score. Sharp 
kernels do not provide an accurate measurement of em-
physema. This population especially requires accurate 
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Fig. 1. Random selection of emphysema scores for smooth, me-
dium smooth, and sharp kernels. This figure illustrates the overall 
trend.

Fig. 2. Emphysema score as measured by the smooth, medium 
smooth, and sharp kernels.

Fig. 3. Bland-Altman of the emphysema score (−950 HU) comparing the sharp kernel to the smooth kernel.
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emphysema measurements for the BLVR evaluation, 
since BLVR targets the most emphysematous and hyper-
inflated lobes [1].

We have demonstrated that sharper kernels show a 
smaller distribution in emphysema scores between pa-
tients compared to smooth kernels, which is in agreement 
with other studies [7, 13] and is in line with the expecta-
tions based on qualitative differences in emphysema be-
tween patients. Sharp kernels, therefore, have a decreased 
differentiation between patients when compared to 
smooth kernels. This is visible as well in the Bland-Alt-
man plots, which show a clear systemic and proportional 
bias. All scores are more similar to one another. The ef-
fects of noise are more pronounced and ultimately the 
voxels designated as emphysema may be more noise than 
actual emphysema.

Another way of understanding this is that the histo-
gram of a sharp kernel is relatively more flattened than a 
smooth kernel, meaning that it has a larger standard de-
viation. Therefore, the place of the emphysema threshold 
within in the histogram has a relatively lower impact on 
the measured score compared to a smooth kernel histo-
gram.

The main effect of using a sharper than recommended 
kernel is overestimation of relatively low amounts of em-
physema. This may impact the treatment since the cutoff 

for the minimal amount of emphysema is roughly 30% at 
−950 HU [3]. Therefore, a patient may not qualify for 
treatment when assessed by a smooth kernel reconstruc-
tion and simultaneously qualify for treatment when as-
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100 referrals 8 contrast scans

92 non-contrast scans

81 at least one scan
with slice thickness ≤

1.0 mm

37 at least one scan
with a smooth kernel
and a slice thickness

≤ 1.0 mm

82 at least one
smooth kernel scan

Fig. 5. Flowchart that shows the numbers of suitable scans, accord-
ing to QIBA.
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sessed by a sharper kernel reconstruction (see example 
patient in Fig. 6). Another potential consequence is that 
the selected target lobe may differ between reconstruc-
tions. This discrepancy between the provided treatment, 
as a result of difference in CT reconstruction parameters, 
is undesirable. However, it should be noted that treat-
ment evaluation should not be solely based on a quantita-
tive measure of emphysema, but on a visual assessment of 
the emphysema as well.

The evaluation of the retrospective referral CT evalu-
ation cohort indicated that only 40% of the patients sent 
to our clinic include a scan that is both a smooth kernel 
reconstruction and has a slice thickness of 1.0 mm or low-
er, and thus suitable for emphysema QCT analysis ac-
cording to QIBA. It should be noted, however, that these 
reconstructions were not necessarily made with the in-
tention of a quantitative emphysema analysis. It would 
however be preferable to change this to a situation so that 
every chest CT series of a COPD patient includes a recon-
struction suitable for emphysema quantification, espe-
cially with a growing importance and use of emphysema 

quantification, specifically in the case of BLVR. Standard 
inclusion of a emphysema quantification suitable recon-
struction may prevent the need for another CT scan in 
our clinic. This would achieve a cost reduction without 
impeding the diagnostic capabilities needed for a BLVR 
evaluation. Furthermore, this would reduce the radiation 
exposure of patients.

It is challenging to determine what the most suitable 
CT settings are for quantitative emphysema analysis. Re-
taining high spatial frequencies may appear to offer ad-
ditional information on the lung parenchyma status of 
the patient, at least for visual evaluation. However, in 
practice, this information cannot be differentiated from 
the noise exhibiting similar spatial frequencies. Human 
observers are more capable in this regard, and these ker-
nels are therefore more suited for qualitative assessments. 
However, for quantitative assessments, it is better to filter 
higher frequencies and only retain larger structures that 
more likely reflect reality. Minimizing noise is thus pref-
erable. We and others have demonstrated that the use of 
softer kernels leads to a larger distribution in emphysema 

LUL
23%

LUL
38%

LLL
34%

LLL
19%

RLL
16%

RUL
16%

RML
22%

RLL
35%

RUL
37%

RML
40%

Smooth kernel left lung Sharp kernel left lung

Smooth kernel right lung Sharp kernel right lung

a b

c d

Fig. 6. Sagittal slices of a smooth and sharp 
kernel reconstruction of one scan, with 
added emphysema scores for every lobe. 
Demonstrating that lobes can be seen as 
targets for BLVR in the sharp reconstruc-
tion, due to emphysema scores that are 
higher than 30%. While simultaneously not 
being targets in the smooth kernel recon-
struction. a Smooth kernel left lung, with a 
left upper lobe emphysema score of 23%, 
and a left lower lobe score of 19%. b Sharp 
kernel left lung, with a left upper lobe score 
of 38%, and a left lower lobe score of 34%. 
c Smooth kernel right lung, with a right up-
per lobe score of 16%, a right middle lobe 
score of 22%, and a right lower lobe score 
of 16%. d Sharp kernel right lung, with a 
right upper lobe score of 37%, a right mid-
dle lobe score of 40%, and a right lower lobe 
score of 35%.
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scores between patients, which increases the ability for 
differentiation and, therefore, provides a more optimal 
reconstruction kernel for a standard protocol. This is cor-
roborated by a meta-analysis by Crossley et al. [9], which 
recommends soft kernel use for and a slice thickness of 
2.5–5 mm, such that noise is minimal as well due to an 
averaging effect. Increasing the slice thickness lowered 
the emphysema score in their cohort, similar to relatively 
low emphysema scores in smooth reconstruction kernels 
compared to more sharp kernels [7]. Furthermore, QIBA 
advises that the spatial frequency dependence of the noise 
is matched to those typically found in soft kernels [7]. 
However, QIBA suggests using a slice thickness of ≤1 
mm, promoting the retention of information in that re-
gard, opposed to Crossley et al. [9] who recommend a 
larger slice thickness. QIBA’s recommendation in this re-
gard is likely due to the fact that Genevois et al. [4, 5] used 
1 mm slice thickness to establish the −950 HU threshold.

Possibly, sharp kernels combined with iterative recon-
struction or noise reduction software may as well be suit-
able for emphysema scoring. A study looking into the ef-
fects of iterative reconstruction demonstrated that the use 
of a sharp kernel may be applicable with iterative recon-
struction since iterative reconstruction suppresses noise 
as well [13]. Ultimately, the issue is that HU are not sole-
ly dependent on the physiology of a patient, but on a 
whole set of parameters that need to be stable or con-
trolled for before reliable inferences can be made about 
the physiology on the basis of HU thresholding.

A way of controlling for this issue is using a standard 
protocol. This means that all parameters of influence on 
emphysema quantification should be equalized for all 
scans taken for the purpose of emphysema quantification. 
Important parameters are slice thickness, dose and kernel, 
and tube voltage. However, due to the multitude of ven-
dors active in the CT market, complete homogenization 
of the protocol will never be perfect. This is especially true 
for kernels since every vendor uses their own types of ker-
nels for which the methods are not fully transparent. Ker-
nel choice can, however, be similar. It is unclear to what 
extent similarity of the kernels is enough and to what ex-
tent kernels are similar, which is reflected in the difficulty 
of categorizing kernels. QIBA already has such a protocol, 
but as we have shown with our analysis this is not often 
adhered to in routine clinical practice. The cause for this 
is likely that such a protocol as that from QIBA describes 
the kernel choice necessarily in terms that specify the 
amount of noise and not a clear selection of kernels.

Another possibility is to normalize the CT scans to an 
external reference standard [14–16]. An optimal kernel 

can be selected, which may be determined by comparison 
with pathology. Subsequently, all kernels can be convert-
ed to that kernel. When utilizing this approach, we spec-
ulate that it is probably best to first approach the optimal 
protocol with a similar kernel, since the normalization 
can remain closer to the original and is therefore less ar-
tificially altered. However, the downside of this method 
is that such a process is usually not fully transparent. 
Therefore, it may make unforeseen errors that cannot be 
traced to their source or it may be unclear that an error 
has occurred. Thus, such a method may be more suitable 
for evaluating already made scans.

In this study, the tube voltage varied as well. This is 
included in the protocol to adjust to the size of the patient 
in an effort to minimize dose. This variation may have 
had an impact on the emphysema scores, due to the pre-
viously mentioned effects on HU. However, this does not 
impact the analysis performed in this study, since the tube 
voltage does not differ within patients. Furthermore, any 
analysis into the tube voltage variation was beyond the 
scope of the study.

In conclusion, our study found that, in agreement with 
similar studies, the emphysema score is kernel dependent 
and the difference in emphysema score between kernels 
is strongly related to the emphysema score magnitude. 
This study is unique in the regard that it is performed in 
a population that is severely affected by COPD and under 
evaluation for BLVR. The accuracy of emphysema scor-
ing in this population is especially important, due to the 
importance of finding a potential target lobe. In this re-
gard, the differences in emphysema scores between ker-
nels are highly problematic.

We furthermore demonstrated that a large proportion 
of externally made CT scans, sent to us for evaluation, is 
unsuitable for emphysema quantification according to 
the recommendations of QIBA. Generally, such scans are 
not performed with the intention of emphysema quanti-
fication; however, we would argue that a suitable recon-
struction should be added more standardly to prevent ex-
cess CT scans.

These findings illuminate the need for stricter adher-
ence to a protocol, like the recommendation by QIBA. It 
is important to use a reconstruction algorithm that miti-
gates the detrimental effects of noise and, therefore, filters 
high-frequency spatial information to some extent. This 
extent should be similar for all clinics quantitating em-
physema. Additionally, normalization of CT scans to a 
reference standard is an option that may be most suitable 
for already made scans.
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