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ABSTRACT

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive disease lacking a definite etiology, char-
acterized by the nonspecific symptoms of dyspnea and dry cough. Due to its poor prognosis, imaging
techniques play an essential role in diagnosing and managing IPF. High resolution computed tomog-
raphy (HRCT) has been shown to be the most sensitive modality for the diagnosis of pulmonary fibrosis.
It is the primary imaging modality used for the assessment and follow-up of patients with IPF. Other not
commonly used imaging methods are under research, such as ultrasound, magnetic resonance imaging
and positron emission tomography-computed tomography are alternative imaging techniques. This
literature review aims to provide a brief overview of the imaging of IPF-related alterations.
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Introduction

Idiopathic pulmonary fibrosis (IPF), a type of interstitial lung disease (ILD), is a chronic,

progressive and ultimately fatal fibrosing lung disease of unknown cause presenting itself

with a usual interstitial pneumonia (UIP) pattern [1]. To diagnose, a thorough medical

history, laboratory evaluation and imaging are compulsory, sometimes even requiring
IMAGING (2021) L. . . . . . T .

pathological input. Due to its poor prognosis, radiologists play an essential role in diagnosing
DOI: 10.1556/1647.2021.00048 . . . . . . .

and managing IPF. Accurate diagnosis is essential for the introduction of the required
© 2021 The Author(s) antifibrotic therapies [2]. For instance, immunosuppressive drugs used in the therapy of other
ILDs are in turn harmful for IPF patients [3].

The guidelines and imaging classification schemes for the diagnosis of IPF were created in
2011 based on a collaborative accordance of the American Thoracic Society (ATS), European
Respiratory Society (ERS), Japanese Respiratory Society (JPS) and Latin American Thoracic
Association (ALAT) [1]. In 2018, two addendums were made by the same international
societies and added them to the already existing guidelines, along with the Fleischner Soci-
’j Journals ety’s white paper as an updated approach [4].
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This literature review aims to provide a brief overview of
IPF, focusing on the diagnostic power that imaging tech-
niques provide in the definite diagnosis of IPF and as an aid
contributing to the multidisciplinary diagnostic (MDD)
process.

Epidemiology

IPF is the most common form of ILD, affecting approximately
3 million people worldwide [5]. The incidence is higher in
North America and Europe, 3 to 9 cases per 100,000 person-
years, than in South America and East Asia, presenting fewer
than 4 cases per 100,000 person-years [6]. The majority of the
patients affected are over the age of 65 and predominately
male. The prevalence and incidence have shown to increase
over the last decade, questioning if in earlier studies there was
an underestimation due diagnosing uncertainty. Its prognosis
is worse than that of most cancers [2]. IPF accounts for 15—
30% of ILD and most deaths are associated with respiratory
failure or complications due to comorbidities [7].

There is lack of adequate evidence portraying the definite
etiology of IPF. Comorbidities such as pulmonary hyper-
tension, chronic obstructive pulmonary disease (COPD),
lung cancer, obstructive sleep apnea, ischemic heart disease
and gastroesophageal reflux (GERD) have shown correlation
to its development [5]. One single center study demon-
strated that 12% of patients with IPF had no comorbid ill-
nesses, 58% of patients had 1-3 and 30% had 4-7
comorbidities [8]. The EMPIRE registry with 1620 IPF pa-
tients enrolled, illustrates age (71.4% male) and smoking
history (62.9%) as the strongest demographic risk factors
[9]. Regardless of their risk factors, all IPF patients are
mechanistically similar in the development of their pathol-
ogy. Due to this limitation, the survival, although variable
from patient to patient, is estimated to have a median of 3-5
years if left untreated [5].

Pathophysiology

IPF is mainly a restrictive lung disease, stemming from an
ongoing repair process resulting in excess collagen scar tissue
in the interstitum of the lung. The aberrant deposition of
extracellular matrix, characterized by various patterns of
inflammation, leads to extensive lung remodeling and fibrosis
[2]. Triggers of this chronic repair process lead to a progressive
loss of lung tissue and gas exchange abnormalities. Normally,
when the alveoli lining is damaged, type I pneumocytes secrete
TGEFBI, resulting in type II pneumocytes further stimulating
fibroblasts to divide and proliferate into myofibroblasts [2].
Subsequently, once myofibroblasts secrete reticular fibers as
their repair process, they undergo apoptosis. In IPF patients
however, when this process is triggered, the problem arises
because type II pneumocytes over-proliferate during the repair
process, resulting in too many myofibroblasts and the over-
production of collagen. In addition, the myofibroblasts do not
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undergo apoptosis; they continue to produce collagen causing
a thickening of the interstitial space between the alveoli and the
capillary. Thus, the aberrant reparative response to repetitive
alveolar epithelial injury causes the stochastic pro-fibrotic
reprogramming, premature and persistent epithelial senes-
cence, and excessive production of mesenchymal cells which
instigate a maladaptive response leading to the development of
IPF [5]. The lungs in turn become stiff, and a restricted lung
expansion due to fibrosis of the interstitium develops. The
excess collagen also leads to the loss of the alveoli, creating
fluid filled spaces or cysts, surrounded by thick walls, in a
pattern called honeycombing. It is a progressive process,
meaning that the symptoms will worsen over time. Oxygena-
tion and ventilation problems cause clinical symptoms of
coughing and shortness of breath, cyanosis and digital club-
bing. Over time this leads to respiratory failure as the lungs lose
healthy and functional tissue. Secondary traction bronchiec-
tasis a hallmark sign in IPF and often observed concomitant
emphysema results in obstructive ventilatory abnormalities
hiding the restrictive ventilatory pattern of the fibrosing lungs.

Symptoms and diagnostic steps

IPF usually presents itself with nonspecific symptoms. Pro-
gressive dyspnea on exertion with dry cough, bibasilar
crackles and finger clubbing occurs in 20-50% of patients.
Cyanosis and right ventricular failure signs are seen in
advanced stages [10]. Initial symptoms are attributed to aging,
deconditioning or other comorbidities related to emphysema
or cardiovascular disease. IPF patients are commonly seen to
carry comorbidities. The most common ones being GERD,
COPD and coronary artery disease [11]. Disease progression
varies among patients. Slow progression, rapid progression,
acute exacerbation and patient survival after an acute exac-
erbation, are behaviors in which imaging can play a crucial
role in predicting outcome. The diagnosis of IPF depends on
the exclusion of other ILDs. When an underlining etiology
supporting the pathophysiological changes in the lung is ab-
sent, IPF is characterized based on the presence of radio-
graphic and/or histopathological pattern of UIP.
UIP presents with:

1. Honeycombing pattern — subpleural air-filled cysts with
well-defined thick walls

2. Traction bronchiectasis — dilated bronchi due to pulling
of nearby fibrotic alveoli

3. Peripheral alveolar septal thickening - reticular pattern
with network of fine lines

UIP is seen mostly bilaterally, peripherally and with basal
reticular abnormality distribution. IPF is thought to first
present itself in the base and periphery of the lungs, pro-
gressing to convolve the entirety of the lung tissue [5, 10].

For patients presenting with basilar crackles and unex-
plained symptomatic or asymptomatic basilar fibrosis on
chest x-ray, a high resolution computed tomography
(HRCT) is recommended [4]. Serological testing is taken to
exclude any sort of connective-tissue associated diseases as
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Table 1. The steps of the diagnosis of IPF

Medical history

Physical examination

Pulmonary function test

Laboratory tests

Chest X-ray
HRCT

Histology

—>65 years old
-History of smoking
-Exertional dyspnea

-Dry cough

—Velcro-like basilar inspiratory fine crackles
-Digital clubbing
—Acrocyanosis in severe cases

-Reduced TLC
-Reduced or normal FVC
-FEV1 can be normal or slightly reduced
-Impaired gas exchange, reduced DL,

-Exercise induced hypoxemia, followed by resting hypoxemia

in end-stages
Autoimmune antibodies, CRP, CBC and liver

Bilateral basal reticular abnormalities or no significant changes

UIP pattern, probable UIP pattern, indeterminate for UIP pattern or

alternative diagnosis
Bronchoscopy BAL and/or SLB

Abbreviations: BAL = Bronchoalveolar lavage; CBC = Complete blood count; CRP = C-reactive protein; DL, = Diffusing capacity for
carbon monoxide; FEV1 = Forced expiratory volume; FVC = Forced expiratory volume; HRCT = High resolution computed tomography;
PFT = Pulmonary functional test; SLB = Surgical lung biopsy; TLC = Total lung capacity; UIP = Usual interstitial pneumonia.

potential causes of ILD [4]. Table 1 highlights the steps in
the diagnosis of IPF [2].

Diagnosis of IPF must be carefully assessed to avoid any
confounding secondary causes for pulmonary fibrosis. The
ascertainment of IPF is a challenge, as individuals may also
present with atypical HRCT patterns. But it is clinically
relevant to make a precise diagnosis to direct the phar-
macological therapy needed. The diagnostic criteria of
previously defined HRCT UIP patterns (ATS/ERS/JRS/
ALAT classification) have been updated to definite UIP,
probable UIP, indeterminate UIP and alternate diagnosis.
The latter 3 have conditional recommendations to do
bronchoalveolar lavage (BAL) and surgical lung biopsy
(SLB). Performing a surgical biopsy is not recommended in
patients illustrating a definite UIP [4]. Patients who
demonstrate probable UIP and have a clinical context
suggesting IPF, may avoid SLB. On the other hand, patients
who demonstrate probable UIP without having any sug-
gestive clinical context are suggested to undergo SLB.
However, each patient must be assessed individually before
such a procedure [12].

Histological UIP is seen as an interstitial fibrosis with
spatial heterogeneity and patchy involvement of the lung
parenchyma. Marked fibrotic areas and architectural
distortion are also seen, with microscopic honeycombing.
Proliferating aggregations of fibroblasts and myoblasts
within a myxoid appearing matrix, called fibroblast foci, are
the key histopathological feature of UIP [5].
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Imaging modalities for the assessment of IPF

The use of imaging modalities leads to a better stratification
of the disease, which is fundamental to individualize man-
agement and therapeutic strategies.

HRCT

For the definite diagnosis of IPF, UIP must be identified
with HRCT. HRCT has specific and broad agreements in
the definition of IPF patterns, illustrating fibrotic patterns
of reticulation, traction bronchiectasis, honeycombing and
ground-glass opacity (GGO) [13]. The HRCT criteria for
the diagnosis of UIP are illustrated in Fig. 1. It is charac-
terized by subpleural, basal predominance and reticular
abnormality. GGO appears with preserved defined under-
lying structures, denoting a smaller attenuation increase
[13]. Honeycombing (with or without traction bronchiec-
tasis) is a characteristic that distinguishes the definite UIP
pattern and probable UIP pattern. The diagnostic criteria
for the description of IPF by HRCT and histological pat-
terns by the 2018 ATS/ERS/JRS/ALAT Clinical Practice
Guideline can be seen in Tables 2 and 3 [4, 14]. Reticular
abnormality is a collection of innumerable small linear
opacities resulting in a pattern that resembles a net, which
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Fig. 1. Representative example of the lung alterations of a patient with IPF. Axial cranial (a) and caudal (b) level, and coronal (c) HRCT
images of a 61 year-old patient with IPF. UIP-pattern of fibrosis characterized by honeycombing cysts and reticular septal thickening with
subpleural and basal dominance. Fluorodeoxyglucose avidity is apparent on PET (d). The lung parenchymal honeycombing identified on the
HRCTs is associated with increased "*F-FDG uptak

can be associated with areas of architectural distortion [13].  presence or absence of traction bronchiectasis is very
Due to these increased linear densities, some degree of  important. On its own it does not mean definite UIP. These
architectural distortion may lead to one or two airways  are the dilated airways being held open, an important
being held open, giving rise to traction bronchiectasis. The ~ marker of fibrosis. In an axial plane, a round area of
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Table 2. HRCT criteria for UIP [4]

UIP pattern

Probable UIP pattern

Indeterminate for UIP pattern

Alternative Diagnosis

—Subpleural, basal predominance;
distribution is often heterogeneous
—Reticular abnormality
-Honeycombing with or without
peripheral traction bronchiectasis
or bronchiolectasis

—Absence of features listed as
inconsistent with UIP pattern (see
third column)

—Subpleural, basal predominance;
distribution is often heterogeneous
—Reticular pattern with peripheral
traction bronchiectasis or bron-
chiolectasis
—-May have mild ground-glass
opacity (GGO)

—Subpleural and basal predomi-
nance
—Subtle reticulation; may have mild
GGO or distortion (“early UIP
pattern”)
—CT features and/or distribution of
lung fibrosis that do not suggest any
specific etiology (“truly indetermi-
nate for UIP”)

Findings suggestive of another diagnosis, including:
CT features
—Cysts
~Marked mosaic attenuation
-Predominant GGO
—Profuse micronodules
—Centrilobular nodules
—Nodules
—Consolidation

Predominant distribution:
—Peribronchovascular
—Perilymphatic
-Upper or mid-lung

Other:
—Pleural plaques (consider asbestosis)
-Dilated esophagus (consider CTD)

—Distal clavicular erosions (consider RA)
-Extensive lymph node enlargement (consider other
etiologies)

—Pleural effusions, pleural thickening (consider CTD/
drugs)

Abbreviations: CT = computed tomography; CTD = connective tissue disease; GGO = ground-glass opacities; RA = rheumatoid arthritis; UIP = usual interstitial pneumonia.
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lucency may be seen instead, with the airway marked by
an adjacent vessel. Although it is a good marker of un-
derlying pulmonary fibrosis, it is seen in other diseases as
well, such as non-specific interstitial pneumonia (NSIP)
[14]. In a study conducted by Walsh et al. on 162 patients
with histologic diagnosis of UIP or NSIP, the severity of
traction bronchiectasis on HRCT was correlated to higher
fibroblastic foci profusion in UIP patients, but not in
NSIP patients. These key findings of UIP pattern with
fibroblastic foci predict physiologic decline and mortality.
Since traction bronchiectasis is an independent surrogate
marker for fibroblastic foci profusion seen histologically,
it can thus predict disease prognosis [15].

Honeycombing, another important diagnostic criterion,
is characterized by various cystic airspaces encompassed by
thick fibrous walls, representing destroyed and fibrotic lung
tissue [13]. In a coronal image, it is classical to see a basal
predominance, with a subpleural and peripheral distribu-
tion, often being symmetrical. Hexagonal, isolated or
clustered subpleural cysts can be seen in a single axial cut,
possibly causing some architectural distortion. The cysts
resemble a honeycomb, which are found to measure from
2mm to 2cm in diameter. The shape, distribution and
location are critical in identifying honeycombing. A single
or two cyst layers are sufficient to diagnose the subpleural
cystic disease.

The hallmark for assessing and monitoring restrictive
lung diseases is the pulmonary function test (PFT)

terns of IIPs (e.g., absence of
all biopsies
-Histologic findings indicative of

fibroblast foci or loose fibrosis) in
other diseases (e.g., hypersensitiv-

ity pneumonitis, Langerhans cell
histiocytosis, sarcoidosis, LAM)

Alternative Diagnosis
—Features of other histologic pat-

ondary to another cause
-Some histologic features from
suggesting an alternative diag-
nosis

Intermediate for UIP pattern
lymphangioleiomyomatosis; UIP = usual interstitial pneumonia.

—Fibrosis with or without architec-
tural distortion, with features fa-
voring either a pattern other than
UIP or features favoring UIP sec-

column 1, but with other features

Table 3. Histopathological criteria for UIP pattern [4]

=
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variability, the quantification of HRCT with a computer-
aided quantitative scoring, may aid in a more reproducible
assessment of parenchymal lung abnormalities [18]. Quan-
titative CT pattern recognition software has the power to
decrease, but not eliminate, the inter-observer discrepancies
when diagnosing [19, 20]. They incorporate different do-
mains of the disease, which have been demonstrated to be
reproducible. The finer composite measurements try to in-
crease the accuracy and sensitivity of disease prognosis and
severity stratification in patients with IPF [18]. By increasing
the precision of quantification of the disease, it has the po-
tential to further refine patients who should be included in
specific treatment trials [17]. With composite measures, IPF
severity and progression could be more accurately assessed.

There are different types of quantitative CT analyses
used, namely the density histogram analysis, the density
mask analysis, texture classification analysis and mean CT
value of the whole lungs. The texture classification analysis
method has evidence showing it as the most reliable and
useful in managing IPF patients.

In the 1980’s the first computer-based CT image analysis
algorithm was developed to analyze the mean CT value of
whole lungs in interstitial lung disease [21]. Best et al., in a
study of 167 IPF patients, used density histograms to
calculate CT values of the mean whole lungs, the skewness
(asymmetry), and kurtosis (peakedness). These histogram-
based measurements, when compared to physiological
measures such as FVC, were shown to have a moderate link
in describing the progression and severity of the disease [17,
22]. Greater extents of fibrosis were associated with lower
TLC, skewness and kurtosis values [22].

For example, the serial assessment of HRCT quantifica-
tion is able to quantify subtle changes in fibrotic intensity,
which may not be visible otherwise to the human eye. Based
on unique HRCT texture patterns for honeycombing, GGO,
and reticular fibrosis with architectural distortion, a com-
puter-aided system is used to quantify IPF fibrotic changes.
Reticular fibrosis and total fibrosis were shown to be pre-
dictive of survival [19].

Multidetector CT (MDCT) is another alternative to
assessing the progression of the disease in vivo with the
ability to identify features that may not be visually recog-
nizable. Colombi et al. found a novel density histogram
analysis method, which uses percentiles to identify disease
progression. The study concluded that the 40th percentile
density histogram might reflect changes in the overall extent
of lung abnormalities, while the 80th percentile may illus-
trate changes in reticular opacities. Both of these values
correlate with pulmonary function test and radiologists vi-
sual scores [23].

Density mask technique, initially developed to quantify
emphysema in patients with COPD, is a method that uses
two thresholds [24]. Its objective is to assess the severity and
progression of patients with IPF using quantitative-CT
measurements and lung physiology. The attenuation (in
Hounsfield unit (HU)) of IPF lungs strongly correlates with
FVC in determining severity and progression. Ohkubo et al.
by using a volumetric analysis density mask technique
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quantified fibrotic changes in interstitial pneumonia based
on levels of attenuation. A normal attenuated lung was
defined as the area between -950 and -701 HU, correlating
with FVC. Regions of higher attenuation (>-701 HU) were
seen as areas of ground-glass attenuation and consolidation,
and lower attenuation (<-950 HU) as areas of emphysema.
Since the lung attenuation strongly correlated with FVC, it is
an important finding for those patients who may not be able
to perform a PFT and can instead rely on CT analysis to
determine the severity [25].

As previously mentioned, FVC and DL, are strong in-
dicators to interpret the extent of the disease. Unfortunately,
severe IPF patients may not be able to perform a PFT. In
addition, these PFT findings can also be confounded in
patients with coexisting emphysema. In fact, emphysema is
present in approximately one-third of IPF patients [26]. In a
study performed by Gibson et al. on patients suffering from
ILD, it was found that patients exhibiting typical UIP
pattern on HRCT were commonly seen as COPD/emphy-
sema patients [27]. Nakagawa et al. was able to develop a
density mask technique that extracted honeycombing areas
on CT images based on both low attenuation areas and areas
of low attenuation surrounded by thick walls. This technique
was successfully able to differentiate IPF with emphysema,
which has low attenuation surrounded by thin walls. This
gives importance to the clinical usefulness of being able to
quantify honeycombing areas. The percent honeycombing
(HA) was an independent predictor of mortality, with pa-
tients showing HA >4.8% having lower survival rates. The
honeycombing areas were also associated with decreased
FVC, composite physiologic index (CPI) and fibrotic areas
identified with visual score by radiologists. They show
consistency with visual assessment and provide clear cut-off
points [26].

Quantitative computer-derived (CAD) CT measure-
ments study lung parenchyma features that have no visual
correlations. A CAD based on CT-generated volumetric data
was initially developed to detect interstitial lung diseases.
Zavaletta further continued to develop this method by
integrating texture matching techniques to differentiate lung
regions into 5 classes: normal, ground-glass, reticular, hon-
eycombing, and emphysema [28]. Similar textural analysis
methods have been developed since then, which have also
shown some clinical usefulness in assessment. Park et al.
found that assessing disease severity in UIP and NSIP pa-
tients was possible with an automated volumetric quantifi-
cation of HRCT patterns in normal, GGO and
honeycombing lung regions [29]. The Computer-Aided
Lung Informatics for Pathology Evaluation and Rating
(CALIPER) method, an automated volumetric tool used to
quantify and analyze lung parenchyma abnormality features
on HRCT, is based on Zavaletta’s method and is widely used
today. Moldonado et al. illustrated with CALIPER quanti-
fication that changes in reticular opacity and honeycombing
correlated with physiologic parameters, which in turn are
predictive with IPF patient’s survival [19]. By using
CALIPER software, CT measures of baseline disease severity,
specifically vessel-related structures (VRSs), were shown to
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predict patient’s survival and FVC decline. It also proved to
identify those patients who would benefit most by reaching
antifibrotic trial endpoint, reducing the drug trial population
by 25% [30]. Jacob et al. found that the CALIPER texture
classification system was superior to CT visual scoring by
radiologists in correlating pulmonary function and prog-
nosis [31].

Salisbury et al. also characterized interstitial findings on
HRCT in IPF patients using alternative textural analysis
software, adaptive multiple features method (AMFM). It was
seen that the fibrosis extent in AMFM, measured with
ground-glass reticular scoring, was related independently to
the risk of disease progression and mortality [32]. Another
method based on texture classification is called the Gaussian
Histogram Normalized Correlation (GHNC) system. This
system compares the CT attenuation values and local his-
tograms by dividing the lungs into 5 categories: normal,
GGO, consolidation, emphysema, and fibrosis patterns. It
was found to be useful in the evaluation of efficacy of pa-
tients undergoing pirfenidone treatment [33].

Christe et al. assessed the performance of the sequential
INTACT CAD system using automatic classifications of
HRCT images. This was achieved sequentially by seg-
menting the anatomical structures of the lungs, identifying
and characterizing the types of pathological lung tissues,
which resulted in a recommended diagnosis. The patho-
logical lung tissues are characterized into reticulation,
honeycombing, GGO, consolidation, micronodules, and
normal lungs. It was found that the INTACT system had
similar accuracy to a human reader in classifying IPF.
These methods can be of essential use clinically, especially
for those patients who may not be able to undergo SLB due
to associated risks [34].

Texture-based features used by quantitative analysis,
contain granular spatial information, which provide a
reproducible characterization method of lung texture, con-
tributors of different textures, and its patterns of distribu-
tion. Kim et al. demonstrated the extent of the disease in a
study of 57 IPF patients with quantified lung fibrosis scores,
representing reticular fibrosis with architectural distortion
on CTs. At month 6, it correlated to a predicted FVC decline
at month 18. CT quantification measures of lung density
(kurtosis) were shown to predict mortality, but not func-
tional changes [35].

Lastly, lung compliance can be useful in early imaging
for patients with pulmonary fibrosis. Lung compliance is the
quantification of lung motion when breathing. Areas of
decreased lung compliance can be seen when comparing CT
images during inspiration and expiration. A decline in
basilar lung compliance was seen after 6 months and a
decline in apical lung compliance was seen between 6 and 12
month imaging [36].

These all illustrate the significant importance quantita-
tive lung fibrosis assessments can have in determining the
severity and progression of the disease in IPF patients.
Although in a clinical practice this method is useful,
reproducible and less time-consuming, it remains unclear
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how the methods employed achieve the specific CT index
used for the texture classification algorithms.

Ultrasound

HRCT as noted, is the main standard diagnostic feature of
IPF. However, it must be highlighted that during imaging, a
patient is exposed to radiation [37]. Lung ultrasound (LUS)
is a noninvasive method that is sensitive in detecting
changes in the subpleural space. This is portrayed as a thick,
irregular fragmented pleura line when a fibrotic scar is
present. Moreover, it can also differentiate upper and basal
predominance of fibrosis [38]. Higher frequency probes of
8-11 MHz are able to characterize the pleural line thickness
(39, 40].

In interstitial lung diseases, diffuse, multiple B-lines
described as vertical hyperechoic artifacts can be seen. The
number of B-lines is correlated to the severity and extent of
fibrosis seen on HRCT. Since LUS is a repeatable and
noninvasive procedure, it can be a useful imaging method to
monitor the progression of IPF disease [38].

Parenchymal alterations can be seen because of alveolar
air loss and the presence or absence of interstitial fluids [41].
Due to an unaltered alveolar space with thin interlobular
septa, an acoustic barrier is created by air, resulting in an
interface between the pleura and the chest wall’s soft tissue.
This in turn is portrayed as a difference in acoustic
impedance [42]. A-lines, also called the “mirror effect,” are
the chest wall’s reflections below the pleural line [43],
characterized by horizontal lines seen at constant intervals in
areas of artifacts, such as increased subpleural air seen in
emphysema or honeycombing. These in turn can be prog-
nostic features in assessing the severity of IPF [39]. Multiple
A lines and a blurred pleura line were used to describe severe
forms of pulmonary fibrosis. Multiple A lines have been
introduced to describe parallel artifacts arising from the
pleural line, seen subpleurally running to the edge of the
screen, with a wide base and a narrow top. They were shown
to be located in the same areas HRCT portrayed honey-
combing and subpleural cysts. The blurred pleural line
indicated a positive correlation with honeycombing in
HRCT ([39].

B-lines, on the other hand, are long and well-defined
hyperechoic artifacts, arising from the pleural line. They are
due to thickened subpleural interlobular septa seen in be-
tween lung intercostal spaces (LIS). Sperandoe et al. noted a
greater amount of B-lines in moderate or severe forms of
IPF, along with a thickened irregular >3 mm pleural line
[44]. In an extended study, it was concluded that a pleural
line >5 mm was seen in severe IPF [40]. If there are >10 B-
lines per LIS, extravascular water in the alveolar compart-
ments is suspected [45]. A “white lung” occurs when mul-
tiple B-lines merge together generating one vertical artifact,
modeled in HRCT as GGO, and corresponding with
inconsistent UIP pattern [46]. Normally, the pleural line is
seen as a horizontal hyperechoic line half a centimeter below
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the rib line. Patients with fibrotic lungs have a thickened
irregular line, >3 mm thick, due to subpleural abnormalities.
If threeB line artifacts arise from the pleural line with
<7mm between two lines, interstitial syndrome such as
reticulation and honeycombing can be described. This ap-
pears as a “long rocket” [47]. By simply measuring the
distance between two B-lines, alveolar and interstitial syn-
dromes can be differentiated. Based on the thickness of the
pleural line, LUS can differentiate cardiogenic and fibrotic
interstitial syndromes [48].

With the use of LUS, the number of B-lines and the
distance between them can distinguish alveolar syndrome
and interstitial syndrome, while the thickness of the pleural
line can assess the severity of IPF. Both of them correlate to
the extension of fibrosis seen in HRCT. Certainly, the
fibrotic pattern can only be clarified by HRCT.

Magnetic resonance imaging

The role of magnetic resonance imaging (MRI) in the
diagnosis and management of IPF is still under investiga-
tion. In MRI, subpleural and paraseptal fibrosis can be seen
along with honeycombing next to unaffected lung paren-
chyma. Late-enhanced MRI shows significant contrast
enhancement in fibrotic lung tissue. Mirsadraee et al. per-
formed a study with 10 IPF and 10 control patients, exam-
ining T1 mapping (relaxation phenomena) at 3T MRI. On a
single pre-selected HRCT slice, MRI modified look-locker
inversion recovery (MOLLI) sequence was performed during
a 15-20's breath hold. The observers were able to visualize a
higher T1 pre-contrast in fibrotic lungs. Moreover, a delayed
uptake of contrast agent was detected in fibrotic lungs.
Although the study population was small, MRI proved to be
a great tool in differentiating between normal and fibrotic
lungs, as well as detecting early fibrosis and assessing its
activity that may not be visible on CT [49]. However,
although MRI is a radiation free technique, it also comes
with some disadvantages. MRI is a less sensitive method,
with thick collimation (8 mm compared to 1-1.25mm in
HRCT), which does not allow precise anatomical evaluation
of interstitial changes. It is often very difficult for IPF pa-
tients to perform long breath holds and remain still, limiting
MRI usage in a clinical setting as well [50].

Positron emission tomography

Identification of early IPF may be possible with the use of
positron emission tomography (PET) scan. Groves et al.
illustrated the relationship between mean maximal standard
uptake value (SUV,,.,) and lung functional parameters
(FVC and DL,,). In a study of 36 patients, of which 18 were
IPF patients, areas with higher reticulation and honey-
combing (SUV,. 3.0 + 1.0) in HRCT had increased
metabolism of '*fluorodeoxyglucose (**-FDG) than regions
of higher ground-glass opacification (SUV,,,,,). This can be
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seen in Fig. 1. The metabolism was measured as a stan-
dardized uptake value (SUV ., 2.0 £ 0.4). Based on the
uptake of '®*F-FDG, it is possible to predict measurements of
lung physiology in these patients to discriminate different
degrees of disease severity [51].

Umeda et al. studied dual-time point '*F-FDG PET
imaging in 50 IPF patients. The time points were at 60 and
180 min from the time of "*F-FDG injection. Two weeks
prior to the dual-time point '*F-FDG PET, patients un-
derwent a HRCT. From the region-of-interest on the
HRCT, the SUV was measured after the '*F-FDG injection,
and the retention index value (RI-SUV) was calculated
between the early and delayed imaging. These values were
further compared to pulmonary function tests in every
patient after a 6-month follow-up time. Higher RI-SUV
values and a higher extent of fibrosis were proven to be
independent predictors of short progression-free survival.
A RI-SUV cut off value of 1.5 or greater, with a sensitivity,
specificity and accuracy of 90.3, 94.3, and 93.5% respec-
tively, was established to be able to predict long-term
prognosis. Higher RI-SUV values and lower FVC values
were shown to be independent predictors of overall sur-
vival rate and mortality. Based on these results, '*F-FDG
PET imaging could serve as a valuable tool in assessing the
risk of mortality, prioritizing patients waiting for lung
transplantation [52].

Recent evidences have shown that macrophages and
monocytes play a role in the progression of IPF. Withana
et al. developed a bimodal optical/PET activity-based probe
(ABP) to monitor the pathophysiology of IPF. The optical
analysis allows for in vivo and in vitro monitoring. Cysteine
cathepsin-targeted imaging probes were used to specifically
monitor the activated pools of immune cells, suggesting that
clinical PET imaging has potential to generate molecular
information responsible for influencing the severity and
progression of IPF. Gallium-68 (°®Ga) was used as the
radionuclide in the first human trials. This finding is
important as it might allow for an earlier diagnosis of IPF
with increased sensitivity when compared to HRCT. Its non-
invasive imaging also shows an increased uptake of cysteine
cathepsin activity in fibrotic lesions, suggesting the role of
activated macrophages [53].

Conclusion

The rising incidence and prevalence of IPF, in association
with its poor prognosis, has drawn attention to the impor-
tance of its early recognition and diagnosis using imaging
modalities. HRCT has become the gold standard imaging
modality for diagnosing IPF. To improve the recognition of
the disease, collaborative guidelines by ATS, ERS, JPS, and
ALAT have delineated histopathological and HRCT criteria
in diagnosing UIP. HRCT quantitative lung fibrosis assess-
ments can have substantial importance in determining the
severity and progression of IPF. Other imaging techniques,
which do not show an equivalent diagnostic potential as
HRCT and are not as commonly used in practice, include
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LUS, MRI and PET-CT. An integrated MDD approach in
the diagnosis of IPF, could lead to an earlier detection of the
disease, allowing a decline of its progression.
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