
ORIGINAL ARTICLE

Micro–Computed Tomography Analysis of the Human Tuberculous
Lung Reveals Remarkable Heterogeneity in Three-dimensional
Granuloma Morphology
Gordon Wells1, Joel N. Glasgow2, Kievershen Nargan1, Kapongo Lumamba1, Rajhmun Madansein3, Kameel Maharaj3,
Robert L. Hunter4, Threnesan Naidoo5, Llelani Coetzer6, Stephan le Roux6, Anton du Plessis6, and
Adrie J. C. Steyn1,2,7

1AfricaHealth Research Institute, University of KwaZulu-Natal, Durban, SouthAfrica; 2Department ofMicrobiology and 7Centers for AIDS
ResearchandFreeRadicalBiology,UniversityofAlabamaatBirmingham,Birmingham,Alabama;3DepartmentofCardiothoracicSurgery,
NelsonMandela School of Medicine, University of KwaZulu-Natal, Durban, South Africa; 4Department of Pathology and Laboratory
Medicine,University of TexasHealthSciencesCenter atHouston,Houston, Texas; 5DepartmentofAnatomical Pathology,NationalHealth
Laboratory Service, Inkosi Albert Luthuli Central Hospital, Durban, South Africa; and 6Computed Tomography Scanner Facility, Central
Analytical Facilities, Stellenbosch University, Stellenbosch, South Africa

ORCID IDs: 0000-0003-2328-5208 (G.W.); 0000-0001-9177-8827 (A.J.C.S.).

Abstract

Rationale: Our current understanding of tuberculosis (TB)
pathophysiology is limited by a reliance on animal models, the
paucity of human TB lung tissue, and traditional histopathological
analysis, a destructive two-dimensional approach that provides
limited spatial insight. Determining the three-dimensional (3D)
structure of the necrotic granuloma, a characteristic feature of TB,
will more accurately inform preventive TB strategies.

Objectives: To ascertain the 3D shape of the human tuberculous
granuloma and its spatial relationship with airways and vasculature
within large lung tissues.

Methods: We characterized the 3D microanatomical environment
of human tuberculous lungs by using micro computed tomography,
histopathology, and immunohistochemistry. By using 3D
segmentation software, we accurately reconstructed TB granulomas,
vasculature, and airways in three dimensions and confirmed our
findings by using histopathology and immunohistochemistry.

Measurements and Main Results: We observed marked
heterogeneity in the morphology, volume, and number of TB
granulomas in human lung sections. Unlike depictions of
granulomas as simple spherical structures, human necrotic
granulomas exhibit complex, cylindrical, branched morphologies
that are connected to the airways and shaped by the bronchi. The
use of 3D imaging of human TB lung sections provides
unanticipated insight into the spatial organization of TB
granulomas in relation to the airways and vasculature.

Conclusions: Our findings highlight the likelihood that a single,
structurally complex lesion could be mistakenly viewed as multiple
independent lesions when evaluated in two dimensions. In
addition, the lack of vascularization within obstructed bronchi
establishes a paradigm for antimycobacterial drug tolerance. Lastly,
our results suggest that bronchogenic spread of Mycobacterium
tuberculosis reseeds the lung.
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In the 1940s and 1950s histopathological
analysiswas amainstay for the investigationof
tuberculosis (TB) disease when postmortem
and resected human lung tissues were
routinely available (1, 2). These pioneering
studies have been largely forgotten and
replacedbyobservations innonhumananimal

models that donot reproduce thepathologyof
human pulmonary TB.

The prevailing dogma in theTBfield that
granulomas formsphericalorovoid structures
withintheparenchyma(3–11) isbasedontwo-
dimensional (2D) histopathological studies of
primary TB in animal models. Furthermore,
very little is known about the three-
dimensional (3D) structure of the necrotic TB
granuloma, a distinctive feature of humanTB.
Because the cellular composition,
vascularization, aeration, necrotic state (e.g.,
caseous, coagulative, fibrinoid), and bacillary
burden are likely to affect the shape of the TB
lesion, a deeper understanding of the
morphological properties of the human TB
granuloma in relation to the airways and
vascular system is needed to more accurately
inform preventive and therapeutic strategies.

Examination of TB lesions in three
dimensions within large lung tissues could
allow identificationof disease-specific features
and improve diagnosis. Histopathology is a
destructive approach that provides excellent
2D results but can generate artifacts during
fixation, slicing, and staining. Other practical
limitations are low throughput and imperfect
imaging of structures that extend beyond a
typical 5-mm section, which have begun to
hinder more detailed examination of human
TB pathophysiology in the current antibiotic
era, especially with the emergence of HIV.
Other factors contributing to our limited
understanding are a reliance on animal
models,whichdonot fully recapitulatehuman
TB phenotypes, and the paucity of routinely
available resected humanTB lung tissues (12).
Tissueswith post-primary TB lesions are even
more rare. Therefore, high-resolution digital
3D imaging of TB lesions within large lung
tissueswill allow thedetailed spatial analysis of
complex microanatomical features specific to
pulmonary TB and will improve our
understanding of TB disease.

X-ray computed tomography (CT) is
invaluable for nondestructive imaging of
tissue in medical diagnosis (13, 14). Recent
studies in patients with TB using positron
emission tomography (PET)–CT have
reported substantial heterogeneity in
metabolic uptake of fluorodeoxyglucose F 18
([18F]FDG), a proxy for TB lesions. Notably,
one-third of patients showed new lesions after
1yearof anti-TBdrug therapy (15), suggesting
thatMycobacterium tuberculosis disseminates
within the lung during treatment.
Concerningly, it seems to have been forgotten
that in the preantibiotic era, post-primary TB
was known as bronchogenic TB because it

spreads through the bronchi rather than the
lymphatics or bloodstream (1, 16, 17), which
remains well known by radiologists (18, 19).
To our knowledge, no study has reported the
use of high-resolution micro-CT (mCT) to
examine bacterial disease in human lungs.

To better understand pulmonary TB,
new imaging techniques are needed that can
improve on and complement standard
modalities such as high-resolution CT
(HRCT) and histology. Here, we exploited
mCT to characterize the structure,
distribution, and volume of necrotic lesions
relative to the airways and vasculature and
confirmed our findings by using
histopathology and immunohistochemistry
(IHC).Someof theresultsof thesestudieshave
been previously reported in the form of a
preprint (https://doi.org/10.1101/2020.06.14.
149898).

Methods

Ethics and Human Subjects
This study was approved by the University of
KwaZulu-Natal Biomedical Research Ethics
Committee (class approval study number:
BCA 535/16). Patients undergoing lung
resection for TB (study identifier: BE 019/13)
were recruited from King DinuZulu Hospital
Complex, a tertiary center forpatientswithTB
in Durban, South Africa.M.
tuberculosis–infected human lung tissues are
routinelyobtainedafter surgery for removal of
irreversibly damaged lobes or lungs
(bronchiectasis and/or cavitary lung disease).
Written informed consent was obtained from
all participants. All patients undergoing lung
resection for TB had completed a full 6- to
9-month course of anti-TB treatment or up to
2 years of treatment for drug-resistant TB.
Patients were assessed for the extent of
pulmonary disease (cavitation and or
bronchiectasis) via HRCT. The fitness of each
patient to withstand a thoracotomy and lung
resection was determined by using the
Karnofsky score, 6-minute-walk test,
spirometry, and arterial blood gas
measurement. Assessment of patients with
massive hemoptysis included their general
condition, effort tolerance before hemoptysis,
arterial blood gas measurement, serum
albuminconcentration, andHRCTimagingof
the chest. On gross assessment, all
pneumonectomies or lobectomies were
bronchiectatic, hemorrhagic, variably fibrotic,
and atelectatic and contained visible tubercles
(see Table E1 in the online supplement).

At a Glance Commentary

Scientific Knowledge on the
Subject:Histopathological analysis of
necrotic granulomas caused by the
bacteriumMycobacterium tuberculosis
typically reveals a two-dimensional
circular shape, which is intuitively
assumed to be spherical or ovoid.
When searching modern molecular
literature on PubMed for explicit
descriptions of tuberculosis
granuloma morphologies, they are
typically described as round,
spherical, or ovoid.

What This Study Adds to the Field:
We reveal that necrotic granulomas
adopt complex, branched morphologies
reminiscent of branched transport
networks within the lung. In
conjunction with findings from
histopathological and
immunohistochemical analysis, we
conclude that these granuloma
morphologies are largely shaped by
bronchial and alveolar obstruction. Our
use of three-dimensional segmentation
highlights the possibility that a single,
structurally complex lesion could be
erroneously viewed as multiple
independent lesions when evaluated in
two dimensions. The potential for
misinterpretation of the granuloma
number, size, or position indicates that
great care must be taken while
interpreting “-omic” data derived
directly from tuberculosis lesions, as
conclusions will be influenced by the
actual (but unknown) three-
dimensional shape of the lesion.
Furthermore, conclusions drawn
regarding microenvironments
surrounding what appear to be multiple
granulomas could change if it were
understood that a single complex lesion
was under investigation.
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Sample Preparation
Before mCT or histology, all samples were
fixed in10%buffered formalin for at least 14
days.All sampleswere contrast stainedwith
iodine by immersing the samples in 2.5%
Lugol’s solution for 1–5 days depending on
sample size. For mCT scanning, samples
were mounted on or in 50-ml falcon tubes
or larger, sealed plastic containers by using
a combination of cellophane tape and floral
foam. Samples were lodged above a bath of
10%formalin in thebottomof the container
with floral foam and lodged between the
walls to prevent shifting of the sample. The
low density of the foam also enables easy
deletion from the reconstructed volume
during subsequent visualization and
analysis. When necessary, the containers
(50-ml tubes without gaskets) were then
sealed with parafilm for the duration of the
scan to prevent desiccation. Before
mounting, samples were rinsed with water
and dabbed dry to remove excess staining
solution.

mCT Scanning
AGeneral Electric Phoenix v|tome|xL240
systemwasusedformCT(2,0243 2,024–pixel
image, 16-bit depth)with a resolution rangeof
12.0–80.0mm. Although the instrument is
capable of a submicrometer resolution for
small samples,noneof the samples analyzed in
this studyweresmall enough.All sampleswere
scanned over 360�. Voltage varied between
8 and 160 kV, the current varied between 180
and 400mA, and scanning times ranged from
2,700to3,000seconds.Forall scans,a tungsten
target was employed.

Results

mCT Characterization of the Human
TB Granuloma
In Durban, South Africa,M.
tuberculosis–infected human lung tissues are
routinely obtained after resection of
irreversibly damaged lung regions exhibiting
bronchiectasis and/or cavitary lung disease
(20,21).Weanalyzedlungspecimensobtained
from 17 subjects (Table E1). Specimens
displayed typical signs of bronchiectasis and
contained tubercles of varying volume and
shape. Representative sections of the
cavitational and parenchymal abnormalities
were used for imaging or histopathology
studies.

To improve the clinicopathological
analysis of TB, we sought to establish a

correspondence between radioopacity and
pathological features within lesions that
permitted 3D reconstruction. TB lesions have
pathological features that can evolve over
decades (1, 2).Although these structures likely
represent unique immunopathological
microenvironments, their contribution to TB
disease andM. tuberculosis persistence is
poorly understood. This is partly due to the
inability of 2D histology to adequately
characterize these deformities. We scanned a
contrast-stained lung tissue sample exhibiting
caseous necrosis at a 12.0-mm resolution
(Figures 1A and 1B). Segmentation identified
distinct regions that matched blood vessels
and necrotic lesions. The identification of
lesions and vasculature withmCT was
confirmed by histology with hematoxylin and
eosin (H&E) andMasson’s trichrome staining
(Figures1Cand1D), revealingseveralnecrotic
lesions and evidence of fibrosis. Inspection of
the lesions revealed common radioopacity
patterns, which we confirmed quantitatively
byplottingrelativeX-rayattenuation(electron
density) across representative sections
(Figures 1E and 1F). The necrotic lesions are
surrounded by a dark outer layer of
radioopacity (Figures 1G–1J) corresponding
to lamellar fibrosis by H&E (Figures 1K–1N)
and trichrome staining (Figures 1O–1R). The
necrotic region exhibits a light border (Figures
1E–1J, and Figure E1 in the online
supplement), which is likely derived from the
former bronchial epithelium. This
corresponds to a more intensely stained
border in H&E and trichrome staining
(Figures 1K–1R) surrounding a mass of less
electron-dense necrotic material. Hence, we
were able to establish a correlation between
pathophysiological features and differences in
radioopacity. Inaddition, inone lesion(Figure
1G),mCTrevealedtwointernal lobes thatwere
not apparent in the corresponding
histopathology (Figures 1K and 1O), further
emphasizing the potential of mCT to identify
unusual pathological features. These data
demonstrate thatmCT can effectively identify
TBlesionsonthebasisof theirdistinctelectron
density features associated with necrosis and
fibrosis.

Segmentation and Spatial Distribution
of Granulomas in the Human Lung
Although conventional histopathology
provides detailed information on very small
areas of interest, it cannot contextualize TB
lesions within the overall lung architecture,
thereby limiting accurate assessment of the
overall distribution and shapes of lesions.

HumanPET–CT imaging studies have shown
that individual TB lesions evolve
independently. However, because increased
metabolic uptake of [18F]FDG is a proxy for
inflammation(15), itdoesnotdemonstrate the
early noninflammatory lesions of TB that
precede formationof tuberculouspneumonia,
cavitation, and granulomas and reveals
inflammationfromothercausesbesidesTB.In
addition, because the term “lesion”may refer
to any tissue abnormality (e.g., cavities,
mycetoma, nodule- and pleura-based
infiltrates, fibrotic nodules, patchy
consolidation, etc.) and because the early and
very late lesions of human TB have little
inflammation, we caution against comparing
the diverse pathologies (lesions) identified by
PET–CT (15) with the granulomas
characterized in this study. Whereas the
resolution of PET–CTdoes not allow accurate
3D segmentation that can reveal granuloma
morphology,mCT has the potential to
accurately define granuloma structure and
spatial orientation relative to sources of
nutrients, anti-TB drugs, and oxygen. To
contextualize TB lesions relative to the
vasculature and airways, we scanned a large
slice of TB lung at a 52.0-mm resolution
(Figures 2A and E2, Video E1). The use of 3D
segmentation showed that larger necrotic
lesions are oriented with a directionality
similar to thatof thevasculature andbronchial
networks (Figure 2B). Notably, multiple
lesions were transected during sectioning of
thetissue(Figure2C),revealingthat thelesions
have more complex structures that continue
beyond the sectioning plane. In addition,
airways were absent in areas where lesions
predominated, suggesting that these lesions
are the remnants of previously obstructed
airways.

Surface area rendering of a subsection of
this sample distinctly identified lesions, blood
vessels, and airways (Figure 3A), and 3D
segmentation revealed six lesions (Figure 3B).
Highsignal intensityoferythrocytespermitted
rapid, albeit partial, reconstruction of the
vasculature (Figure 3C).Vascular destruction,
also observed in Figure 2B, contributes to
interstitial hemorrhage, resulting in nutrient
and O2 deprivation, which likely exacerbates
the host pathophysiology. A considerable
degree of hemorrhaging was observed with
segmentation by thresholding, generating
large volumes obscuring the lesions and
airways (Figure 3C). Wemeasured distances
between the intact vasculature and necrotic
lesions because their proximity would impact
lesion development and morphology. The
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maximumO2 diffusion distance from blood
vessels is 100–200mm(22–24), andmetabolic
zonation may account for spatial lesion
heterogeneities (25). Although
histopathological analyses have shown that
distances between TB lesions and the
vasculature can exceed 200mm, this could be
influenced by the sectioning plane. For
example, by using 3D segmentation, we
observed that the vasculature followed the
curvatureof the lesionsspatially.Thedistances
betweenbloodvessels and lesions ranged from
0.5 to 1.4mm(Figures 3D andE3).Hence, the
curvature of lesions must be considered to

accurately measure these distances, which are
important for understanding the delivery of
nutrients, drugs, and O2 to bacilli (Figure E4)
and immune cells in and around the lesion.

Our results show that integration of
conventional histopathological methods with
mCT can be used to identify pathological
features such as lesion volume, 3D structure,
and intralesional features in the context of a
whole-lung slice. The spatial organization of
lesions relative to thepulmonaryvasculature is
particularly important because vascular
destruction will reduce delivery of anti-TB
drugs,O2, andnutrients. Importantly, the lack

of airways and the directionality of lesions
suggest thatsomeTBlesionsobservedbyusing
conventional histopathology are likely cross-
sections of obstructed airways that are
cylindrical, not spherical. Lastly, in contrast to
histopathology that provides a snapshot of
disease pathology in a very small area, 3D
scanning of a whole-lung section provides
detailed evidence of the spatial distribution
and complexity of lesions in relation to the
airways and vascular system.Hence,mCT can
improve our understanding of the
pathophysiological mechanisms of TB and a
poor response to anti-TB drugs.
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Figure 1. Micro computed tomography (mCT) and histology of human tuberculosis lung with caseous necrotic granulomas. (A) Gross image of tissue
exhibiting caseous necrosis. Pink circles indicate blood vessels. (B) mCT (12.0-mm resolution) of tissue in A, showing caseous necrosis (yellow outlines) and
blood vessels (red outlines). (C) Hematoxylin and eosin histology of B. (D) Masson’s trichrome histology of B. (E–J) Necrotic regions have a “halo-like”
appearance with a slightly brighter outer shell (green arrows) surrounding a slightly darker interior (yellow arrows). The green arrows indicate denser necrotic
material likely derived from a necrotic bronchial epithelium (see also Figure E1 in the online supplement). Necrotic regions are surrounded by a dark border
(blue arrows). (E and F) Typical X-ray opacity profile (yellow line graph) across necrotic granulomas measured along the green axis. X-ray attenuation is
proportional to intensity and is visualized inversely, with denser regions appearing brighter. Intensity is a combination of tissue density and iodine (contrast
stain) affinity. Dark fibrotic regions are followed by a slightly more opaque ring that surrounds the (lighter) lesion. (G–J) Representative mCT images of
caseous necrotic lesions. Dotted lines indicate region borders. (K–N) Hematoxylin and eosin and (O–R) Masson’s trichrome histology corresponding to
G–J reveal the darker border (blue arrows) surrounding the necrotic regions corresponding with fibrotic tissue. Boxed regions in I, M, and Q are shown
at high magnification in J, N, and R, respectively. Scale bars: B–D, 2.5 mm; G–I, 1 mm; J, 500 mm. Reprinted by permission from Reference 41.
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The Morphology of TB Granulomas Is
Shaped by the Bronchi
Here, we characterized the spectrum of
granuloma structures (Figure 4A) obtained
from the sample in Figure 2 inmore detail. In
contrast to thewidelyheldassumption thatTB
granulomasarenearlyspherical, segmentation
of caseous necrotic lesions revealed
remarkable morphological heterogeneity and
complexity (Figure 4A).Of the 40 granulomas
segmented in Figure 2, multiple highly
branchedstructureswereobserved.Theradius
(of the smallest enclosing sphere) of these
lesions ranged from 0.5 to 7 mm. Smaller
lesions were more spherical, whereas larger
lesions were branched with lower sphericity,
rangingfrom0.23to0.6(1.0 isaperfectsphere)
(Figure 4B). Smaller lung samples were
scanned at a higher resolution, further
revealing the complexity of the lesion
microenvironment (Figures 4C–4I, Videos
E2–E5). A section taken from the sample in
Figure 2Acontains a complex ginger root–like
structure(Figures4C–4F,VideoE3).Asecond
sample from a different patient revealed small
lobular regions resembling the buds of the
“tree-in-bud” signature often seen in HRCT
scans (18, 25) of post-primary TB and
bronchial obstruction (Figures 4G–4I, Video

E4). We observed severe hemorrhaging, as
indicatedbythehigh-intensityareas inFigures
4C. Segmentation of the strands of high
intensity reveals an intricate vasculature that
surrounds lesions inbothsamples(Figures4D,
4E, and 4H). Both granuloma structures in
Figures 4C–4F and 4G–4I continue beyond
the beyond the scanned view, indicating that
the granulomas are larger andmore complex.

To explore the spatial relationship
between bronchi and TB lesions, we
segmented the volumes surrounding the
lesions, airways, and vasculature in Figure 2B.
The use of mCT revealed diseased regions of
similar radioopacity (dark area) surrounding
the necrotic granulomas, airways, and blood
vessels (Figure 5A). Segmentation of this
pathology revealed that it surrounds and
connects granulomas with airways (Figure
5B), suggesting that the shape of TB lesions is
dictated by bronchi (Video E5).
Morphological lesion heterogeneity was
independently validated by using thorough
mCTcharacterizationofaseparatewhole-lung
slice containing numerous granulomas
(Figure E5).

Overall, our3Ddatademonstrate thatTB
granulomas have remarkable morphological
diversity. Whereas 2D histopathology

sectioning typically reveals “round”
granulomas that are inferred tobe spherical, as
observed by Rich (1) and Canetti (2), our
results point to more complex cylindrical or
branched-type morphologies, with lesions
being connected to and shaped by the small
airways.

Immune-Cell Infiltration of Bronchi
Shapes the TB Granuloma
Our mCT data suggest that TB granuloma
morphology is shaped by the small airways
(Figures2,4,and5,VideoE5).Weinvestigated
this further by examining immune-cell
infiltration and subsequent blockage of
airways by using histopathology and IHC.We
confirmed the presence ofM. tuberculosis
bacilli within neutrophils (Figure E6), within
macrophages (Figure E7), extracellularly
within alveoli (Figure E7), and within an
obstructed bronchus (Figure E8). In highly
consolidated areas of the tuberculous lung
(Figures6A,6B,andE9),weidentifiedpatterns
of epithelial-cell remnants consistent with
obstructed small airways, as indicated by
cytokeratin 7 and 3-mercaptopyruvate
sulfurtransferase staining, which identifies
epithelial cells (26) (Figures 6C–6F). These
findings demonstrate that immune-cell
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Figure 1. (Continued).
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A

B
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Figure 2. Micro computed tomography and segmentation of a human tuberculosis lung slice. (A) Two-dimensional slice of micro computed tomography
(52.0-mm resolution) of an upper lobe. Necrotic granulomas (yellow), bronchi and/or bronchioles (blue), and the vasculature (red) are outlined. The inset
shows the gross image of the lung slice (see also Figure E1). (B) Lung slice in A at an angle to best illustrate the three-dimensional organization of granulomas
(yellow), bronchi and/or bronchioles (blue), and the vasculature (red). Complex necrotic granulomas are oriented similarly to the airways and vasculature. The
two boxed areas show the absence of airways in regions where granulomas predominate, suggesting replacement through bronchial obstruction. (C) Side
view of A with transected granulomas indicated by vertical arrows. Scale bars: A and C, 10 mm; B, 8.5 mm. Reprinted by permission from Reference 41.
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recruitment during early inflammation
obstructs the small airways, which
subsequently develop into granulomas
surrounded by epithelial cells (Figure E10). In
less consolidated areas, macrophages,
neutrophils, and lymphocytes obstruct alveoli
(Figure 6G), leading to independent and
coalesced early granuloma formation
(Figure 6H).

We next examined the contribution of
innate and adaptive immune cells to
bronchial and alveolar obstruction.
Histopathological appraisal of lung tissue
from several patients with TB identified
numerous obstructed bronchi containing
immune cells (Figures 6I–6L). We identified
an abundance of myeloid-cell populations,
indicated by positive staining of MPO
(myeloperoxidase),LCA(leukocytecommon

antigen), and CD68 and histopathology
(Figures 6M–6O, E9, and E11).We observed
positive staining of T-cell lymphocytes
(CD41 and CD81) (Figures 6P, 6Q, E11D,
and E11E) inside and outside an obstructed
bronchus and observed B cells (CD201)
(Figures 6R andE11F) that dominate the area
around the bronchus. Notably, in the
consolidated diseased areas in Figures
6M–6R(boxes), IHCprovidesclearevidence
of myeloid-cell and lymphoid-cell
infiltration (Figures E11A–E11F), which is
consistent with the consolidation shown
in Figures 6A–6F. Lastly, we observed
necrotic debris and immune cells from TB
granulomasspilling intoabronchus(Figures
7A and 7B), providing compelling evidence
that expansion of necrotic lesions along the
airway network can shape granuloma

structure and disseminateM. tuberculosis.
Importantly, these granulomas are
surrounded by foam cells (Figure E12),
which is consistent with previous studies
showing that obstructive lobularpneumonia
softens lung tissue (i.e., caseous necrosis),
which is then coughed up, leading to
cavitation (12, 27).

Finally, our histopathology and IHCdata
are consistent with mCT imaging in
demonstrating that the recruitment and
expansion of immune cells in the airways,
eventually followed by necrosis, contribute to
blockage of the airways and ultimately
contribute to granulomamorphology. These
findings establish a foundation for a more
accurate understanding of the 3D granuloma
structure, bronchogenic spread to reseed the
lung, and cavity formation.
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demonstrated further away from the Bv. By selecting all regions above a high-intensity threshold (H2; red), hemorrhaging (including intact vasculature)
can be quickly segmented. The selection of regions at a lower threshold (H1; orange), which includes H2, also selects other components outside the
hemorrhaged region (e.g., within the lesions). The H1 region shown as partially clipped to reveal the H2 region. (D) Intensity distributions of H1 (orange)
and H2 (red) regions demonstrating that the H2 region is included in the H1 region. (E) Representative micro–computed tomography slice of segmented
regions from A demonstrating the distances between the (curved) granulomas and the vasculature. The 3D visualization allows for more accurate
distance determination compared with histology, which will often not capture the minimum distance. Scale bars: A–C, 2 mm; E, left image, 1 mm.
Reprinted by permission from Reference 41.
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Figure 4. Granuloma morphology heterogeneity and surrounding vasculature. (A) The morphology of necrotic granulomas in tuberculosis ranges
from small nodules (millimeter scale) to large, branched structures (centimeter scale) within a lung sample. (B) Relationship between lesion size
and shape. Sphericity is the ratio of the surface area of a sphere to the surface area of the lesion when the sphere and lesion have equal volumes.
Smaller granulomas tend to be nodular (higher sphericity), whereas larger granulomas exhibit more complex shapes with lower sphericity. (C–F)
Micro computed tomography of the tip cut from the sample in Figure 2A. (C) Two-dimensional slice of tissue presumably containing multiple
granulomas. (D) Three-dimensional (3D) rendering X-ray cutaway of the lesion (yellow) and vasculature (red) demonstrating a single large
granuloma. (E) The 3D rendering of granulomas (large and small; yellow) and vasculature (red) segmentation in relation to the sample surface. (F)
The 3D rendering of a granuloma (yellow) only. (G–I) Micro computed tomography of a necrotic tissue sample from a different patient. (G) Two-
dimensional slice showing necrotic granulomas (yellow), intragranulomatous abnormalities (cyan), and the vasculature (red), which are outlined.
(H) The 3D rendering and X-ray cutaway of granuloma (yellow) and vasculature (red) segmentation. The yellow arrow indicates hemorrhaging,
and the purple and turquoise structures indicate obliterated airways. (I) The 3D rendering of granulomas (yellow) only. The dotted circle indicates
an area resembling a tree-in-bud signature. Scale bars: A, 4 mm; C, 5.5. mm, D–F, 3 mm; G, 7 mm; H and I, 4 mm. Reprinted by permission from
Reference 41.
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Discussion

Although conventional histological methods
have been the gold standard for appraising TB
disease pathology for over 100 years, there is a
need to address the multidimensionality of
diseased tissue by using high-resolution
imaging. In the1940s and1950s, theparadigm
of human TB disease was shaped by the
histopathological interpretations of Arnold
Rich(1),GeorgeCanetti (2),andEdgarMedlar
(28, 29) when postmortem and resected
human lung tissues were routinely available.
Concerningly, much of our current
understanding of TB pathology is based on
animal models that do not reproduce the full
spectrum of disease as it occurs in humans.
With the emergence ofHIV and its synergism
with TB, drug-resistantM. tuberculosis, and
widespread access to anti-TBdrugs (30–32), it
is reasonable to suppose that TB pathology
phenotypeshavechanged.Here,mCTimaging
has provided new insight into the
morphologies of human necrotic TB lesions,
revealing branched and cylindrical structures
with large variations in volume, size, and
spatial organization, and suggests that lesions

areshapedbythesmallairways.Thesefindings
are in contrast to the current dogma that
granulomas are spherical, an understandable
conclusion based on conventional
histopathology. Our findings exemplify how
3D visualization of TB disease
pathophysiology within small and large lung
sections improves our understanding of the
diversity of granuloma shapes and how
bronchogenic dissemination contributes to
TB disease. Hence, our findings provide a
rationale for considering aerosolized anti-TB
drug delivery. This approach could allow
delivery of high, local concentrations of drugs
directly intogranulomasorcavities inthe lung,
possibly reducing treatment times, systemic
dosing, and toxicity (33).

Asignificant advance is the applicationof
3D segmentation to the microarchitecture of
whole sections of the tuberculous lung, which
provides detailed insight into the spatial
relationship among TB granulomas, the
airways, and the pulmonary vasculature. To
our knowledge, such findings have not yet
been reported for any bacterial pulmonary
pathogen. Several unexpected discoveries
aboutTBgranulomasweremade.First, theTB

granuloma represents a spectrum of complex,
branched-typemorphologies and is shapedby
the small airways. Because the prevailing
presumption has been that the granuloma is
spherical (3–11), theseobservationsmayaid in
elucidating the process of granuloma
formation, which is poorly understood. The
use of 3D segmentation highlights the
possibility that a single complex lesion could
be erroneously viewed as multiple
independent lesions when evaluated in two
dimensions. The potential for
misinterpretation of the granuloma number,
size, or position suggests that care must be
takenwhile interpreting “-omic”dataderived
from TB lesions, as erroneous conclusions
may be drawnbecause of the unknown shape
of the lesion. For example, conclusions about
microenvironments surrounding apparent
multiple granulomas could change if they
were known belong to a single complex
lesion.

Second, the ability to quantify lesion size,
volume, morphology, and spatial distribution
within whole-lung slices represents a
significant advance compared with
histopathology.Withrespect tothegranuloma

2 mm

BA

2 mm

Figure 5. Segmentation of necrotic granulomas demonstrating their connection with the airway. (A) Two-dimensional slice of tissue containing
multiple granulomas. Necrotic granulomas (yellow), the vasculature (red), and the bronchus (green) are outlined. (B) Three-dimensional rendering of
necrotic granulomas, the vasculature, and the bronchus (color coding is the same as in A) demonstrating the granuloma/vasculature/airway network
(cyan) in decreasing transparency from A. Note how segmentation of the diseased tissue of similar radioopacity (dark area) surrounds and connects
necrotic granulomas and airways, and also connects blood vessels to some extent, suggesting that the airways help shape the granuloma structure.
See also Video E5 in the online supplement. Scale bars, 2 mm.
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number, early studies have shown that lesions
produced via the bloodstream are more
numerousandsmaller thanthosegeneratedby
inhalation (2). In addition, granulomas of
hypersensitivepatientsarebigger thanthoseof

less sensitizedpatientsandincrease insizeover
time (2). Seminal human PET–CT imaging
studies suggest that individual TB lesions
evolve independently in humans (15), and it is
tempting to relate these gross lesions with

histological granulomas. However, increased
uptake of [18F]FDG, predominantly by
myeloid cells, is an indicator of glucose
metabolism, which is associated with
inflammation and used as a proxy for
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Figure 6. Histopathology of the small airways of Mycobacterium tuberculosis–infected human lungs demonstrating bronchial obstruction. (A and B)
Low-power magnification of hematoxylin and eosin staining of the lung parenchyma. (C and D) Low-power and (E and F) medium-power
magnification of epithelial staining in the adluminal layer demonstrating alveolar consolidation (C and E, CK7; D and F, 3MPST). (G and H) Combined
CD68 immunohistochemistry and Ziehl–Neelsen staining demonstrating the presence of macrophages and M. tuberculosis, respectively. Circled
areas indicate alveoli filled with macrophages, and red arrows indicate giant cells. Yellow arrows indicate M. tuberculosis. (I–L) Hematoxylin and
eosin staining of bronchial obstruction. Asterisks indicate cartilage. (M–R) Immunohistochemistry of myeloid cells and lymphocytes. For high-power
images of boxed areas in M–R, see Figures E8 and E10 in the online supplement. Scale bars: A–D, F, and J, 500 mm; E, I, K, and H, 250 mm; G, 50
mm; L–Q, 1 mm; R, 2.5 mm. LCA= leukocyte common antigen; MPO=myeloperoxidase.
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identification of a TB “lesion” (15), which is
distinct from granulomas in this study.

Third, our findings highlight the
pathophysiological factors that influence the
shape of the granuloma. It is evident that

immune-cell infiltration in the alveoli,
bronchioles, and bronchi dictate lesion shape
and that immune-cell recruitment and
subsequent necrosis expand in the airways by
following “the path of least resistance.”

Alveolarwalls containnumerous interalveolar
pores that may enable dissemination ofM.
tuberculosis or infected cells. The complex 3D
morphology of granulomas is reminiscent of
the tree-in-bud form, anHRCT signature that
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Figure 7. Bronchial obstruction of aMycobacterium tuberculosis–infected human lung. (A) Low-power magnification of acid sphingomyelinase (nuclear)
staining. Note the spilling of necrotic material from necrotic granulomas (NGs) into an airway. These NGs are surrounded by foam cells (see Figure E11 in
the online supplement). (B) Medium-power image (black asterisks indicate cartilage, and long black arrows indicate spillage of necrotic material into the
bronchus) of the boxed area in A. (C) High-power depiction of the bronchial epithelial layer (BEL) with immune cells in the airway (boxed area in B). Red
arrows indicate neutrophils in the lumen and BEL. (i) High-power depiction of immune cells, nuclear debris, and RBC in the necrotic lumen. (ii) High-power
depiction of epithelioid histiocytes in the necrotic lumen. Scale bars: A, 5 mm; B, 500 mm; C, 50 mm; i and ii, 25 mm. RBC=red blood cells.
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is present in cases of active pulmonary TB and
is indicative of bronchial obstruction (12, 18,
34). Studies in humans and nonhuman
primates have shown that individual TB
lesions follow distinct and overlapping
trajectories, suggesting that local factors
dictate lesion formation (35). Consistent with
the results of autopsy studies (36), ourfindings
show that necrotic material fills the
bronchiolar lumento induce furtherbronchial
wall necrosis.

The spatial relationship between TB
lesions and the surrounding vasculature sheds
light on the complex pathophysiology
involved in promoting drug tolerance. For
example, 3D segmentation of the vasculature
from TB lungs shows destruction of the
vascular network, which would reduce
delivery of bactericidal concentrations of
drugs (37), nutrients, immune cells, and O2.
Because obstructed airways are not
vascularized, they provide a safe haven for
drug-tolerantM. tuberculosis, which may
further disseminate via accumulation of
inflammatory cells in the airway network.
Hence, it is reasonable to posit that
dissemination ofM. tuberculosis from
obstructed bronchioles to other areas of the
lung explains how new lesions are formed in
patients after anti-TB treatment (15). Classical
andmore recent radiological studies have
shown that adult-typeorpost-primaryTBwas
known as bronchogenic TB becauseM.
tuberculosis disseminates through the bronchi
rather than via the lymphatics or the

bloodstream (16–19, 38). Lastly, Canetti (2)
posited that bronchogenic spread in cavitary
patients is very slow because the immune
system is very effective against small numbers
ofM.tuberculosisbacillibut is ineffectivewhen
a certain threshold is breached. Not
surprisingly, rest therapy was proposed as a
means to reduce the amplitude and frequency
of pulmonary movements to limitM.
tuberculosis dispersion.

Our findings also have implications for
understanding the drug tolerance and
persistence ofM. tuberculosis in O2-deficient
lesions.ThemaximumO2diffusiondistance is
200 mm (22–24), beyond which tissue
becomes hypoxic. Necrotic lesions in some
animal models of TB have been shown to be
hypoxic (39). By measuring the distance
between blood vessels and the segmented TB
lesions, our findings support these studies
showing that some necrotic granulomas in
humans are hypoxic. On the basis of a recent
study (25), it is likely that gradients of drugs,
metabolites, and O2 exist within TB lung
tissue. Therefore, separate anisotropic
gradients for different drugs (40) may trigger
sequential development of drug resistance by
passaging through environments with low
drug concentrations. Hence, therapeutic
angiogenesis (37) and aerosolized drug
deliverystrategies (33)mayrepresentplausible
approaches to increase anti-TB drug
concentrations in the granuloma.

Our study has some limitations. First,
a limited number of lung tissue samples

were examined from patients with TB with
diverse medical histories and treatments;
hence, it is likely that a larger test cohort
may render a more representative disease
spectrum. However, sampling from
different regions of each lung allowed us to
evaluate microenvironments at different
stages of tissue pathology. In addition,
similar to what is seen in conventional
histopathology, shrinkage of tissue during
formalin fixation and staining is
unavoidable. Lastly, because we analyzed
lung tissue from patients with TB suffering
from severe disease, these results may not
represent more moderate manifestations
of TB.

Overall, our findings have important
implications for TB disease treatment because
several surprising findings were made,
including that there is spectrumof granuloma
3D structures, that granulomas are shaped by
bronchi, that granulomas have a spatial
organization in relation to the vasculature and
airways, and that obstructive bronchi are used
as a conduit forM. tuberculosis dissemination
in the lung (i.e., bronchogenic spread).�
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