
Correlating 3D morphology
with molecular pathology:
fibrotic remodelling in human
lung biopsies

ABSTRACT
Assessing alterations of the parenchymal
architecture is essential in understanding
fibrosing interstitial lung diseases. Here, we
present a novel method to visualise fibrotic
remodelling in human lungs and correlate
morphological three-dimensional (3D) data
with gene and protein expression in the very
same sample. The key to our approach is a
novel embedding resin that clears samples to
full optical transparency and simultaneously
allows 3D laser tomography and preparation of
sections for histology, immunohistochemistry
and RNA isolation. Correlating 3D laser
tomography with molecular diagnostic
techniques enables new insights into lung
diseases. This approach has great potential to
become an essential tool in pulmonary
research.

“It takes more than cells to make a good
lung”, as Weibel1 pointed out. The healthy
lung is an efficient organ optimised towards
a maximised surface and minimal diffusion

barrier for gas exchange. The architecture
that facilitates this organisation is based on
thin elements of connective tissue providing
stability and flexibility. Thus, understanding
the three-dimensional (3D) architecture and
parenchymal topography is essential to
understanding lung function. This is not
only true for the healthy lung, but even
more so for pulmonary diseases where the
3D architecture is compromised, as, for
example, in fibrosing interstitial lung diseases
(ILD). Fibrotic changes are generally charac-
terised by a spatially defined gain in tissue
thickness due to accumulation of extracellu-
lar matrix, produced and modified by aggre-
gates of activated myofibroblasts, as in ILD,
for example, idiopathic pulmonary fibrosis
or exogenous allergic alveolitis (EAA).
Generally, the severity of disease is linked to
the histopathological pattern and connectiv-
ity of fibrosis, which is responsible for the
mechanical impairment of parenchymal
dynamics.2 3 In samples from patients with
ILD in areas appearing unaffected in high-
resolution CT (HRCT), Coxson and cowor-
kers observed a considerable increase in the
thickness of parenchymatous tissue by
means of design-based stereology.4 However,
initial changes caused by the disease occur at
a cellular level on a scale of microns, which
cannot be depicted by HRCT scans and are

therefore difficult to study in 3D, particu-
larly in humans. Therefore, the goal of our
study was to provide a method to visualise
fibrotic remodelling of lung tissue in human
lung biopsies and to demonstrate the correl-
ation of morphological 3D data from indi-
vidual fibrotic areas with gene expression
analysis by miRNA or mRNA and
immunohistochemistry.

Crucial for the analysis was the develop-
ment of a novel embedding technique that
combines different resins in order to clear
the embedded samples to full optical trans-
parency. With this novel technical approach
the very same biopsy can be used for 3D
tomography using scanning laser optical
tomography (SLOT) and preparation of thin
sections for histology, immunohistochemis-
try and RNA isolation after laser-assisted
microdissection. Using SLOT the lung archi-
tecture can be visualised via endogenous
absorption and fluorescence characteristics.5

Thereby, 3D imaging at a resolution of
10–12 mm was demonstrated in biopsies of
a human lung explant from a patient suffer-
ing from end-stage EAA (figure 1). It was
possible to identify areas of individual
fibrotic remodelling and describe their mor-
phological complexity through intensity,
thickness and branching analysis based on
absorption data sets. These 3D results of

Figure 1 Analysis of the fibrotic architecture in human lungs. Via high-resolution CT scanning of a fresh explanted lung, grading of remodelling
intensity was performed (A). Based on this grading, samples were taken at indicated sites and used for solid-block clearing (B). For this, extracted
human lung biopsies were fixated (C) and cleared in the resin mixture (D). Scanning laser optical tomography (SLOT) scanning: 800 projection
images were taken at a wavelength of 532 nm. (E) shows one of these images combining autofluorescence (green) and absorption (red) signals.
Subsequently, histopathological evaluation of the same sample was performed (F) and areas of fibrotic remodelling (black lines) were compared with
areas identified as pathological via thickness analysis (red lines represent areas exceeding 300 mm in diameter). The distance cut-off model was
based on a thickness analysis of the SLOT data sets (G) and correlated well with an increased absorption of the tissue (H). Segmentation model of
airways (grey) and blood vessels (red) in the same sample showing fibrotic areas identified by the distance cut-off model from (F) to (H) in the
three-dimensional context (I). For a virtual bronchoscopy through this model, as well as movies of the SLOT projection data sets, distance analysis
and the animated segmentation model, see online supplementary movies S1–4.
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individual fibrotic areas were then corre-
lated with conventional histopathology and
gene expression profiles. Finally, virtual
endoscopy based on the absorption data set
from small bronchi via terminal bronchioles
into the alveoli is feasible. For study details,
see online supplementary material.

In summary, optically cleared biopsies
from human lung explants can be used to
visualise the lung architecture in health
and disease. By correlating high-resolution
3D information with histology, immuno-
histochemistry, mRNA and miRNA
expression analysis, new insights into the
different stages of (fibrotic) human lung
diseases are possible. This diagnostic
approach has great potential to become an
essential tool in lung research.
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