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Background: Granulomatous lymphocytic interstitial lung disease (GLILD) is present in
about 20% of patients with common variable immunodeficiency disorders (CVID). GLILD
is characterized by nodules, reticulation, and ground-glass opacities on CT scans. To
date, large cohort studies that include sensitive CT outcome measures are lacking, and
severity of structural lung disease remains unknown. The aim of this study was to
introduce and compare two scoring methods to phenotype CT scans of GLILD patients.

Methods: Patients were enrolled in the “Study of Interstitial Lung Disease in Primary
Antibody Deficiency” (STILPAD) international cohort. Inclusion criteria were diagnosis of
both CVID and GLILD, as defined by the treating immunologist and radiologist.
Retrospectively collected CT scans were scored systematically with the Baumann and
Hartmann methods.

Results: In total, 356 CT scans from 138 patients were included. Cross-sectionally, 95%
of patients met a radiological definition of GLILD using both methods. Bronchiectasis was
present in 82% of patients. Inter-observer reproducibility (intraclass correlation
coefficients) of GLILD and airway disease were 0.84 and 0.69 for the Hartmann
method and 0.74 and 0.42 for the Baumann method.

Conclusions: In both the Hartmann and Baumann scoring method, the composite score
GLILD was reproducible and therefore might be a valuable outcome measure in future
studies. Overall, the reproducibility of the Hartmann method appears to be slightly better
org October 2020 | Volume 11 | Article 5891481
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than that of the Baumann method. With a systematic analysis, we showed that GLILD
patients suffer from extensive lung disease, including airway disease. Further validation of
these scoring methods should be performed in a prospective cohort study involving
routine collection of standardized CT scans.

Clinical Trial Registration: https://www.drks.de, identifier DRKS00000799.
Keywords: computed tomography, interstitial lung disease, common variable immune deficiency (CVID), cohort
study (or longitudinal study), airway disease, granuloma, scoring systems
INTRODUCTION

Common variable immunodeficiency disorders (CVID) are a
heterogeneous group of primary antibody deficiency syndromes
(1). Clinical diagnosis is based on a decreased level of IgG, IgA,
and/or IgM, an impaired immune response to vaccines, and the
absence of defined causes for hypogammaglobinaemia (2). CVID
result in a broad spectrum of clinical presentations (3). In the
early stages of disease, patients often present with recurrent
upper and lower respiratory tract infections. Although the use of
immunoglobulin replacement therapy can significantly reduce
the risk of lower respiratory tract infection in these patients (4), a
substantial proportion of patients develop progressive airway
disease (5, 6).

In addition, 30%–50% of CVID patients develop non-
infectious autoimmune disease, organ inflammation or
malignancies. Since adequate immunoglobulin replacement
therapy has been introduced, these comorbidities have a larger
impact on patient prognosis than the recurrent infections (3, 7).
Granulomatous lymphocytic interstitial lung disease (GLILD)
belongs to these comorbidities and affects 8%–20% of CVID
patients (8, 9). GLILD patients show signs of lymphoproliferative
pulmonary disease, including lymphocytic interstitial
pneumoniae, follicular bronchiolitis, or lymphoid hyperplasia
in combination with granulomas. The diagnosis is made by
performing both radiological and histopathological
examinations of the lungs (6, 9). Although the pathogenesis of
GLILD is not well understood, autoimmune and inflammatory
dysregulation and their association with other autoimmune
org 2
disorders are thought to play a role (5). It was shown that
CVID patients with GLILD (n = 13) have a markedly reduced
survival rate of 50% compared to patients without GLILD (n =
56) and this finding led to a heightened clinical interest in the
GLILD patient group (9). Importantly, this interstitial lung
disease can lead to clinical complaints such as reduced exercise
tolerance and dyspnoea. Furthermore, GLILD patients have a
more complex clinical course, as they tend to have a higher
frequency of B-cell lymphoma and autoimmune diseases
compared to non-GLILD patients (9, 10). Currently, the gold
standard to assess GLILD-related structural lung changes is chest
computed tomography (CT). Frequently observed lung
abnormalities in GLILD include: ground-glass opacities
(GGO), diffuse nodules, lymphadenopathy, diffuse patchy
consolidations, and reticulation (9, 11, 12). This is distinct
from signs of airway disease, like bronchiectasis, airway wall
thickening and trapped air (11, 13–16). Two typical CT images of
GLILD patients are shown in Figure 1.

Most studies on GLILD-related CT structural lung abnormalities
involve retrospectively extracted data from radiologic reports (9, 12,
17–19). However, these reports are generally not well standardized
nor quantitative, making it difficult to compare findings.

A more systematic and reproducible approach to quantify
these abnormalities is to use standardized CT scoring methods.
Outcome measures derived from scoring methods can be used
both for research purposes and in clinical follow-up (20).
Furthermore, they can be used to phenotype patients for
personalized clinical care. Few studies have employed scoring
methods to systematically assess chest CT scans of GLILD
FIGURE 1 | Features of granulomatous lymphocytic interstitial lung disease (GLILD). Images of two study patients. Left: diffuse nodules and lymphadenopathy.
Right: combination of diffuse nodules, reticulation and ground-glass opacities. Apart from GLILD features, also signs of airway disease.
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patients. Van de Ven et al. used a scoring system for paediatric
CVID or CVID-like patients (n = 54), which was subsequently
applied to adults with CVID (n = 47) (15, 21). Similarly,
Gregersen et al. used a simplified scoring method to assess
CVID in adults (n = 65) (22). Chase et al. evaluated the
efficacy of chemotherapy in seven GLILD patients by assessing
CT scans performed before and after treatment (23). A major
limitation of these studies is that only a small number of patients
with GLILD were included. This warrants the need for larger
cohort studies to better understand the radiologic characteristics
of GLILD and to optimise methods to quantify disease severity in
these patients (6, 9, 24).

From 2012 to 2014, a large international observational study,
The STudy of Interstitial Lung Disease in Primary Antibody
Deficiency (STILPAD), was initiated by the Centre of Chronic
Immunodeficiency at the University Medical Centre Freiburg in
Freiberg, Germany. The purpose of STILPAD was to describe the
natural course and different treatment responses of GLILD.
Fourteen medical centers across three countries retrospectively
collected clinical data of 146 GLILD patients, from which all
available chest CT scans were analyzed to phenotype pulmonary
abnormalities in these patients. The aim of this present study was
to assess the radiologic features on retrospectively collected chest
CT scans of the STILPAD subjects using and comparing two
independent scoring methods developed for CVID patients.
METHODS AND MATERIALS

Study Population
Patients with the clinical diagnosis of GLILD enrolled in
STILPAD between 2012 and 2014 were included in this study.
Inclusion criteria were as follows: 1) CVID defined by criteria
approved by the European Society for Immunodeficiencies and
the Pan-American Group for Immunodeficiency (2), 2) age of 18
years and above, and 3) a radiological diagnosis of interstitial
lung disease or granuloma on chest CT scan, characterized by the
presence of nodules, reticulation, or GGO. This evaluation was
performed by the radiologist at each participating medical center.
Frontiers in Immunology | www.frontiersin.org 3
Given the unresolved discussion whether a histological proof
of GLILD is required, a histopathological diagnosis of GLILD
was made only in few patients based on the policy of each center,
and this was not an inclusion criterion.

Collection of CT Scans
All available digital CT scans of the STILPAD cohort were
collected retrospectively between December 2013 and April
2015. Exclusion criteria for image analysis were as follows:
incomplete display of the lung, substantial motion artefacts,
pneumothorax, or the absence of a reconstruction series
required for lung image analysis. To evaluate the presence and
severity of pulmonary abnormalities in GLILD patients, the most
recent CT scan of each patient was analyzed. For the assessment
of change in disease over time, patients with at least two CT scans
were included.

CT Scan Characteristics
Information on CT parameters, including slice thickness, lung
volume during acquisition, volumetric or sequential acquisition,
and the reconstruction kernels were noted for each scan.

CT Scan Analysis
CT scans were scored using two methods developed for scoring
CVID CT scans: the Baumann method and the Hartmann method.
Key features of these methods are outlined in Table 1. Both scoring
methods evaluate not only CT changes associated with interstitial
lung disease but also airway disease as outlined below.

Baumann Scoring Method
The Baumann scoring method, shown in Supplemental Digital
Content 1, was developed by an international interdisciplinary
group known as the Chest CT Antibody Deficiency Group. One
of its objectives is to standardise the reporting of chest CT
findings of patients with antibody deficiencies in a
reproducible and clinically applicable manner. The group
recently published a report on the distribution of bronchial
pathologies in CVID patients in a large international cohort
(25). The Baumann method evaluates the presence of 13 different
abnormalities without assessing their distribution within specific
TABLE 1 | Differences between the Baumann and Hartmann scoring methods for common variable immunodeficiency disorders.

Baumann Hartmann

Abnormalities scored per Whole lung Lobe
Number of values 22 157
Time needed per CT
(minutes)

15 30

Origin Newly designed for CVID as a scoring system for clinical use Based on the cystic fibrosis-CT scoring method, and designed as a
sensitive scoring system for CVID patients for research purposes

Emphysema Scored together with bullae Scored as separate entity
Reticulation The presence and subtype of reticulation (inflammatory,

fibrotic, or mixed) are noted
Differentiation between reticulation with or without distortion

Lymphadenopathy Size of the largest lymph node is measured in mm Only the presence is scored defined by a short axis diameter ≥ 10 mm
Ground-glass opacities
(GGO)

Both the presence and subtype of GGO (inflammatory or
fibrotic) are noted

No subtypes of GGO are noted
This table presents the key differences between the Baumann and Hartmann scoring method for computed tomography (CT) scans of patients with common variable immunodeficiency
disorders (CVID).
October 2020 | Volume 11 | Article 589148
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lobes of the lung. These include: bronchial wall thickening,
bronchiectasis (excluding traction bronchiectasis), mucus
plugging, atelectasis, nodules, reticulation (“ l ines”),
consolidation, GGO, cysts, emphysema or bullae, linear scars
and bands, trapped air, and lymphadenopathy. Briefly, the extent
of each abnormality is evaluated by counting the number of
affected lung lobes; the lingula being considered as a separate
lobe. Furthermore, a score between 0 and 3 denotes the severity
of bronchial wall thickening and bronchiectasis. Nodules are
divided into three size-based categories and in cases of
lymphadenopathy; the size of the largest lymph node is
measured. This results in 22 scoring items per CT-scan.

Hartmann Scoring Method
The Hartmann scoring method, shown in Supplemental Digital
Content 2, is derived from the validated cystic fibrosis - CT
scoring method, with additional items describing abnormalities
typical of immunodeficiency syndromes (26). The Hartmann
method evaluates abnormalities in more detail than the
Baumann method to detect more subtle changes over time.
This method was designed for research purposes and is less
suitable for clinical practice due to its extensiveness. In summary,
the following abnormalities are assessed: bronchial wall
thickening, bronchiectasis (excluding traction bronchiectasis),
mucus plugging, atelectasis, nodules, reticulation, consolidation,
GGO, bullae and cysts, emphysema, distortion, trapped air, and
lymphadenopathy. Unlike the Baumann method, each lobe is
scored separately, with the lingula being considered as a separate
lobe. The extent and severity of specific abnormalities are scored
on a scale of 0 to 3. A total of 26 items are scored per lobe, and
lymphadenopathy is only scored once. This results in 157 scoring
items per CT scan.

Component and Composite Scores
In both methods, individual component scores for
bronchiectasis, bronchial wall thickening, mucus plugging,
nodules, reticulation and GGO are expressed as a percentage of
the maximum score.

Component scores of bronchiectasis and bronchial wall
thickening were calculated by multiplying the extent of disease
by a factor (multiplier), such that the higher the severity of
disease, the higher the multiplier (27, 28). Bronchiectasis severity
scores of 1.0, 1.5, 2.0, 2.5, and 3.0 had multipliers of 1.00, 1.25,
1.50, 1.75, and 2.00, respectively. Likewise, bronchial wall
thickening scores of 1.0, 2.0, and 3.0 had respective multipliers
of 1.00, 1.25, and 1.50.

Besides the component scores for single abnormalities, three
composite scores were calculated and expressed as a percentage
of the maximum score. The GLILD composite score comprised
the combined score of GGO, nodules, and reticulation. The
composite score for airway disease consisted of bronchial wall
thickening, bronchiectasis and mucus plugging combined. In
addition, the total disease composite score was derived from the
sum of all scored abnormalities.

In case no signs of GLILD were found with both the Baumann
and Hartmann scores, the CT scans were analyzed by a thoracic
radiologist (P.C.).
Frontiers in Immunology | www.frontiersin.org 4
Observers
The CT scans were scored by two extensively trained observers (a
medical doctor and a final year medical student). Observers were
trained and certified using standardized chest CT training
modules that were developed by a chest radiologist (IH) and
the LungAnalysis Core Laboratory. These modules consist of
studying a defined list of literature (29), followed by PowerPoint
presentations to train used definitions and reference images to be
used for scoring. Finally, the observers had to score training
batches of CT scans. Furthermore, each observer received one-
to-one training sessions with the chest radiologist (IH). For
logistical reasons, the scans were divided into two batches (n =
251 and n = 105), based on order of arrival. Each batch was
scored by a single observer. To assess inter- and intra-observer
reliability each observer re-scored a randomly selected and
randomized batch of 25 and 30 CT scans, respectively.

Statistical Analysis
Patient demographics are reported as mean (standard deviation)
and scoring outcome parameters are presented as the median
(interquartile range, total ranges).

Agreement within and between observers was determined
using the intraclass correlation coefficients (ICCs) of both
scoring methods (two-way mixed-effects model, single
measurements, studied relationship consistency) (30). ICC
ranges are defined as follows: 0–0.39 poor, 0.40–0.59 fair, 0.60–
0.74 good, and >0.75 excellent (31).

To investigate changes in disease over time, mixed-effects
models (generalized estimating equations) were used for the
following CT outcomes of both scoring methods: the component
score bronchiectasis and component scores GLILD, and airway
disease and total disease scores. Models were adjusted for
multiple visits, with p-values <0.05 considered significant.

Square root-transformed Hartmann component scores of
bronchiectasis were used, as the assumption of homoscedasticity
(constant variance) was not satisfied in the original scale.
Likelihood-ratio tests were used to assess whether a nonlinear
assumption would better represent the evolution of disease
over time.

Statistical analyses were performed using SPSS version 21.0
(SPSS Inc., Chicago, IL) and R version 3.3.1 (https://cran.r-
project.org/).

Ethics Approval
Approval for this study was obtained from the local ethics
committee of the University of Freiburg in Freiburg, Germany
(IRB: 189/12), and the national ethical review boards of all
participating centers. Written informed consent was obtained
from all participants prior to inclusion in this study.
RESULTS

Study Population
For this CT analysis eight patients from the STILPAD cohort
(n = 146) were excluded, because they had no digital CT scans
October 2020 | Volume 11 | Article 589148
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available (n = 7) or the available CT scans did not meet the
inclusion criteria (n = 1). Hence, 138 patients were included in
this retrospective CT study, of which 88 (64%) females. The
mean age at time of inclusion was 45 ( ± 15) years, and mean age
of diagnosis was 41 ( ± 15) years.

Collection of CT Scans
A total of 462 CT scans were collected. A flowchart of the CT
scan selection process is shown in Figure 2. We excluded 105
CT scans as they failed to meet the inclusion criteria and one CT
because it was unintentionally scored using only the Hartmann
method. Ultimately, the final cohort compromised 356 CT scans
from 138 patients.

For the longitudinal analysis, 299 scans were collected from
81 patients. Figure 3 shows the number of CT scans that were
analyzed per patient. Median interval (interquartile range, total
range) between the CT scans was 12 months (5–24, 0–114).

CT Scan Characteristics
An overview of the scan characteristics is provided in Digital
Supplement Content 3. In short: The majority of CT scans (n =
274, 77%) were volumetric. Slice thickness ranged between 0.6
and 8.0 mm, with 267 (75%) of scans having a slice thickness
below 3.0 mm. Because only two expiratory CT scans could be
collected, trapped air had to be excluded from the analysis.

CT Scan Analysis of the Most Recent CT
Presence of Abnormalities
Figures 4A, B display the prevalence of component and composite
scores of GLILD and airway disease on the most recent CT scan
using the Baumann and Hartmann scoring methods. Bronchiectasis
Frontiers in Immunology | www.frontiersin.org 5
was the most common abnormality, with a prevalence of 113 (82%)
in all patients for both scoring methods. Other common findings
include: bronchial wall thickening, GGO, reticulation and nodules.
Signs of GLILD, as calculated by combining the scores of GGO,
nodules and/or reticulation, were found on the most recent CT in
131 (95%) of patients for both methods. Figure 5 demonstrates the
relationships between GLILD features. In 56% and 60% of these
FIGURE 2 | Flowchart CT selection. Flowchart of the in- and exclusion of CT scans. GLILD, granulomatous lymphocytic interstitial lung disease. For phenotyping the
GLILD population 138 most recent CT scans were used. A total of 356 CT scans from 138 STILPAD subjects were analyzed and selected for this study. The most
recent scan of each patient was used to phenotype the GLILD population. For follow-up analysis, 299 CT scans from 81 patients were analyzed.
FIGURE 3 | Number of computed tomography (CT) scans available per
patient. The number of CT scans that was analyzed per patient is shown in
this graph. Of 81 patients, two or more CT scans were collected, and these
scans were used for follow-up analysis.
October 2020 | Volume 11 | Article 589148
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patients, all features of GLILD were detected with the Baumann and
Hartmann method respectively. Signs of GLILD were not detected
on themost recent CT scan of five (4%) STILPAD patients in any of
the two scoring methods. Of these patients, one patient (1%) had
positive GLILD scores on previous scans. The CT scans of the four
patients without positive GLILD composite scores on any of their
CT scans were re-evaluated by a thoracic radiologist, and signs of
GLILD were detected in two of the four patients. Airway disease,
defined as bronchiectasis and/or bronchial wall thickening and/or
mucus plugging, was present in 122 (88%) (Baumann) and 124
(90%) (Hartmann) of patients. Enlarged lymph nodes were found in
52 (38%) (Baumann) and 70 (51%) (Hartmann) of patients.
Frontiers in Immunology | www.frontiersin.org 6
Severity of Abnormalities
The maximal severity scores for bronchiectasis, bronchial wall
thickening and nodules are presented in Table 2. Mild
bronchiectasis and mild bronchial wall thickening were most
frequently observed. In addition, the maximum severity score for
bronchial wall thickening was never reached. If nodules were
present, the diameter of the largest nodule exceeded the size of
5 mm in 89 (85%) (Baumann) and 87 (83%) (Hartmann)
of patients.

Component and Composite Scores
Component scores (bronchiectasis, bronchial wall thickening,
mucus plugging, nodules, reticulation, and GGO) and
composite scores for airway disease, GLILD, and total disease
(comprising all parameters) are shown in Table 3. The range
between minimum and maximum scores using the Baumann
method was wide, particularly for the component scores of
bronchiectasis, nodules, GGO, reticulation, and the composite
score GLILD which ranged between 0% and 100%. Differences in
scores assessed with the Hartmann method were in a lower range
compare to the Baumann method, and only the component score
for nodules reached a maximum of 100%.

Longitudinal Analysis
Longitudinal analysis of all follow up scans (n = 299) using
generalized estimating equation models showed that the squared
root-transformed Hartmann bronchiectasis component score
increased significantly over time (p = 0.0097). We found no
statistically significant longitudinal change in the Baumann
bronchiectasis component score and the Baumann and
Hartmann composite scores for GLILD, airway disease, and
total disease. Prediction plots of bronchiectasis component
scores are presented in Figure 6. Complete statistical results of
the analysis and prediction plots are displayed in Supplemental
Digital Content 4.

Inter- and Intra-Observer Agreement
ICCs of the most common abnormalities are presented in Table 4.
Both inter- as intra-observer agreement for the Hartmannmethod
was for most items slightly higher than for the Baumann method.
Between observers, the Hartmann component scores of
reticulation and GGO only had poor inter-observer agreement,
while within observers, the agreement for these items varied from
poor to excellent. Of the component scores, nodules showed the
highest agreement, while bronchial wall thickening and mucus
plugging showed only poor to fair agreement. Subtypes of GGO
(inflammatory or fibrotic) and reticulation (inflammatory,
fibrotic, or mixed), which are exclusive to the Baumann method,
showed a poor inter-observer agreement.
DISCUSSION

In this retrospective study, chest CT features of CVID patients
with a radiological diagnosis of GLILD were described. A total
of 356 CT scans of 138 patients were included and scored using
A

B

FIGURE 4 | Prevalence of abnormalities on computed tomography (CT)
scan. Component and composite scores are sorted based on the number of
patients that have a positive score. Granulomatous lymphocytic interstitial
lung disease (GLILD) and airway disease are composite scores; GLILD is a
combination of component scores for ground-glass opacities (GGO), nodules
and reticulation, airway disease is the sum of bronchial wall thickening,
bronchiectasis and mucus plugging component scores. (A) Scoring items
Baumann method. (B) Scoring items Hartmann method.
October 2020 | Volume 11 | Article 589148
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two dedicated CVID scoring systems. A limitation of our study
is that histopathological proof of GLILD was rarely available.
However it seems that GLILD is not often misdiagnosed in
clinical practice: Maglione et al. showed that in 15 of 61
patients in which biopsies were available, diagnosis did not
change (16); and Mannina et al. demonstrated that there was
no detectable difference between the patients biopsied and not
biopsied in regard to the CT morphology or prognosis of the
lung function (32). Furthermore, CT patterns compatible with
the diagnosis of GLILD were confirmed by the evaluation of
the independent readers in this study for all except four
participants. Therefore, we consider the effect of lacking
biopsy proven GLILD in regard to the goal of this study
as minor.
Frontiers in Immunology | www.frontiersin.org 7
Phenotyping GLILD Patients
The current pathogenic concept of GLILD comprises mixed T-
and B-lymphocytic infiltration of the interstitium of the
lungs, partly forming tertiary lymphoid structures next to
granulomatous inflammation, follicular bronchiolitis, and
reactive lymphoid hyperplasia (6, 33). Typical features of
GLILD on CT are patchy GGO, both sharp and unsharp
nodules, and reticular lesions varying from fine-lined to
course (34). Of the full cohort of 138 included patients, these
features were present on their most recent CT scan in 95% of
patients, and when also older CT scans were included this was
97% of patients. The two patients, without detectable features
of GLILD even after re-evaluation by a thoracic radiologist
(P. Ciet), were likely to be misdiagnosed by the radiologists
of the participating centers. Overall, this is quite a good
result, since reported inter-observer agreement between
thoracic radiologists for the diagnosis of general interstitial
pneumonia, which has similarities with GLILD, was only 0.52.
That of non-thoracic radiologists was even less, namely, 0.48
(35). In the patients with signs of GLILD on their most recent
CT, only a small majority exhibited all key features of GLILD.
In general, substantial heterogeneity of radiological features
was observed in these patients. Enlarged lymph nodes were
detected in only 38% of the patients for the Baumann score and
in 51% for the Hartmann score. This low prevalence might be
explained by the fact that intravenous contrast for better
evaluation of lymph nodes was used in only half of the
patients. There is no consensus whether contrast medium
should be administered in these patients (36). The lower
percentage of CTs with lymph nodes for the Baumann score
relative to the Hartmann score is probably related to the fact
that for this method the exact size in mm of lymph nodes has to
be measured which is challenging in the absence of contrast.
Other studies report different results: Bates et al. described
enlarged lymph nodes in only one out of thirteen GLILD
FIGURE 5 | Venn diagrams of features of granulomatous lymphocytic interstitial lung disease (GLILD). Venn diagrams showing the presence of the in the patients
method with signs of GLILD on their most recent chest CT scan for both the Baumann (left) and Hartmann (right) (n total = 131). In 56% (Baumann) and 60%
(Hartmann) of the 131 patients, all features of GLILD were detected. GGO, ground-glass opacities.
TABLE 2 | Severity of component scores, bronchiectasis, bronchial wall
thickening, and nodules.

Severity of abnormalities Baumann n (%) Hartmann n (%)

Bronchiectasis (total) 113 (100) 113 (100)
Highest score of CT scan
Airway >1–<2× vessel 93 (82) 73 (65)
Airway >2–<3× vessel 14 (12) 26 (23)
Airway > 3× vessel 6 (5) 14 (12)

Bronchial wall thickening (total) 92 (100) 89 (100)
Highest score of CT scan
BW > 0.33–<0.5× vessel 85 (92) 75 (84)
BW >0.5–<1× vessel 7 (8) 14 (16)
BW > 1× vessel 0 (0) 0 (0)

Nodules (total) 105 (100) 106 (100)
Highest score of CT scan
Largest nodule < 5 mm 16 (15) 19 (18)
Largest nodule >5–<10 mm 46 (44) 43 (41)
Largest nodule >10 mm 43 (41) 44 (42)
Maximal severity scores for the component scores bronchiectasis, bronchial wall
thickening and nodules are presented for both methods. Numbers and percentages
represent their distribution within the group on the most recent CT scan of patients
(n = 138). CT, computed tomography; BW, bronchial wall.
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patients (9), while Torigian et al. described enlarged lymph
nodes in all five included patients (11).

Although bronchiectasis is not a feature of GLILD, it was the
most common CT abnormality, present in 82% of GLILD
Frontiers in Immunology | www.frontiersin.org 8
patients. This result substantially exceeds previously published
findings by Torigian (20%), Hartono (35%), Bates (46%), Bouvry
(65%), and Mannina (41% diffuse bronchiectasis, 59% focal) (9,
11, 12, 32, 37). Importantly, the patients in some of these studies
were younger (9, 11, 32), and in some studies, the interval
between time of diagnosis and the CT scan acquisition was
shorter (12, 37) Furthermore, the studies by Hartono and Bates
did not use scoring methods to analyse the CT scans
systematically, which may have led to the underdiagnosis of
bronchiectasis. Based on these findings, CVID patients with
GLILD have a higher risk of airway disease compared to the
risk previously reported for the general CVID cohort (13–16, 25,
38, 39).

Longitudinal Analysis
Longitudinal follow-up analysis of 299 CT scans from 81 patients
showed that only the Hartmann bronchiectasis component
scores increased significantly over time. No increase was
observed for the composite scores of GLILD, airway disease or
total disease. When interpreting the longitudinal data, it is
important to consider that we did not correct for any
treatment that was given to the patient, and that it is likely
that treatment affects the amount of structural lung disease. In a
longitudinal study of 54 CVID patients, scores for bronchiectasis
and linear and/or irregular opacities were found to significantly
decrease while nodules and GGO did not change (14).
Conversely, in another study 14 out of 20 CVID patients
exhibited worsening of parenchymal changes on their follow
up CT scan (13). However, it should be noted that CT scoring
was less standardized and statistical analyses were not performed
in this study. Maglione et al. presented CVID cases with waxing-
and-waning CT features of ILD over time (5).

To study the natural course of disease progression of GLILD,
a cohort study involving the routine acquisition of CT scans is
required. Importantly, the risk benefit ratio of such a monitoring
strategy is warranted as the radiation exposure needed for chest
CT is low and taking into account the considerable morbidity
and mortality in GLILD patients. Lung volume, CT protocols,
and reconstruction kernels should be standardized, in order to
improve the diagnostic yield of each CT scan and allow more
sensitive monitoring of disease progression (40–42).
TABLE 3 | Component and composite scores as a percentage of the maximum Baumann and Hartmann score.

Component or composite score Median (%) Interquartile range (%) Minimum-maximum (%)

Baumann Hartmann Baumann Hartmann Baumann Hartmann

Airway disease 17 6 8–30 2–9 0–65 0–44
Bronchiectasis 25 6 8–42 1–11 0–100 0–68
Bronchial wall thickening 22 4 0–44 0–7 0–83 0–49
Mucus plugging 4 6 0–33 0–11 0–67 0–50
GLILD 40 20 20–40 11–31 0–100 0–63
Nodules 22 28 6–56 6–53 0–100 0–100
Reticulation 50 11 0–83 3–17 0–100 0–42
GGO 67 17 33–100 6–33 0–100 0–78
Total disease 21 9 14–28 6–13 0–56 0–32
October 2
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Component scores of most common abnormalities and the composite scores of airway disease (sum of bronchiectasis, airway wall thickening, and mucus plugging), granulomatous
lymphocytic interstitial lung disease (GLILD) [sum of nodules, reticulation and ground-glass opacities (GGO)] and total disease (sum of all component scores) for both Baumann and
Hartmann scoring methods are presented as the median, interquartile range, and total range.
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FIGURE 6 | Prediction plots of bronchiectasis (BE) component scores from
mixed-effects model analysis. These graphs show the predicted progression in
computed tomography BE component scores (%) over time (months) for the
Baumann (A) and Hartmann (B) scoring method, using mixed model analysis. A
total of 299 CT scans were used for this follow up analysis. The Baumann BE
component score showed no significant change over time (p = 0.1248), while
the squared root of Hartmann BE score increased significantly (p = 0.0097).
(A) Baumann BE component score. (B) Hartmann BE component score.
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Comparison of Scoring Methods
In this study, two independent CT scoring methods were used to
assess GLILD. Baumann scores (Table 3) were generally higher,
related to the methodology how abnormalities are scored. For
example, to compute bronchiectasis component scores for the
Baumann method only the most bronchiectatic airways are
included. Conversely, to compute bronchiectasis component
scores for the Hartmann method also the mean severity of
bronchiectasis is included. Consequently, the Baumann method
results in higher scores whereas the Hartmann score are in a lower
range. Hence, it is not possible to compare the component scores of
both methods one-to-one. Longitudinally, the Hartmann method
seemed to be more sensitive in assessing bronchiectasis progression
over time compared to the Baumann method. The Hartmann
method is performed in a lobe-specific manner. Because the
Hartmann method provides more precise information about the
extent and distribution of lung abnormalities than the Baumann
method, this method is more suitable for clinical studies. However,
in daily clinical care where time is a limiting factor, the Baumann
method might be more feasible to implement.

The Hartmann method also had a slightly higher rate of
reproducibility than the Baumann method. The observer
agreement for the component score GGO was relatively low for
bothmethods,whichmight reflect the severenatureof lungdisease in
GLILD patients: in cases of severe lung disease, the presence and
extent of GGO might be harder to assess. Due to the retrospective
natureofour study, it is likely that thevariablequality ofCTscans and
reconstruction protocols had a negative impact on the ICCs.
Especially the component score reticulation produced low ICCs,
which indicates that not all component scores are suitable tomonitor
GLILD lung disease. Two scoring items exclusive of the Baumann
method performed very poor in our study: the subtype of GGO
(inflammatoryorfibrotic) andsubtypeof reticulation (inflammatory,
fibrotic, or mixed). Thus, these items failed to provide reliable
information and to our opinion their relevance is debatable.

However, the component score nodules showed excellent
ICCs, and furthermore, the GLILD composite score produced
good (Baumann) and excellent (Hartmann) ICCs. A suggestion
is to proceed with such scores as main outcomes, while further
investigating and improving scoring items with lower
reproducibility. Once the relevant changes are agreed upon it
Frontiers in Immunology | www.frontiersin.org 9
will be of interest to transfer the analysis to computer based
image analysis in order to render such a scoring method also
feasible in regard to time. For this purpose this collection of CT
scans will be an excellent resource (43).
CONCLUSIONS

As CTmorphology is the one of themajor parameters for evaluation
during the follow up of GLILD in CVID patients, reliable scoring
methods for the longitudinal comparison of interstitial lung changes
are required. In this study, we established and evaluated two scoring
methods with CT scans of 138 GLILD patients. The composite score
for GLILD showed high reproducibility especially according to the
Hartmann score, and may become a valuable tool for monitoring
disease in longitudinal studies. Once the clinical value of such a score
has been demonstrated, automated image analysis systems are
needed to optimise the assessment of GLILD and render it
suitable for routine diagnostics.
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