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Abstract

Objectives.—Humans receiving tissue-engineered tracheal grafts have experienced poor 

outcomes ultimately resulting in death or the need for graft explantation. We assessed the 

performance of the synthetic scaffolds used in humans with an ovine model of orthotopic tracheal 

replacement, applying standard postsurgical surveillance and interventions to define the factors 

that contributed to the complications seen at the bedside.

Study Design.—Large animal model.

Setting.—Pediatric academic research institute.

Subjects and Methods.—Human scaffolds were manufactured with an electrospun blend of 

polyethylene terephthalate and polyurethane reinforced with polycarbonate rings. They were 

seeded with autologous bone marrow–derived mononuclear cells and implanted in sheep. Animals 

were evaluated with routine bronchoscopy and fluoroscopy. Endoscopic dilation and stenting were 

performed to manage graft stenosis for up to a 4-month time point. Grafts and adjacent native 

airway were sectioned and evaluated with histology and immunohistochemistry.

Results.—All animals had signs of graft stenosis. Three of 5 animals (60%) designated for long-

term surveillance survived until the 4-month time point. Graft dilation and stent placement 

resolved respiratory symptoms and prolonged survival. Necropsy demonstrated evidence of 

infection and graft encapsulation. Granulation tissue with signs of neovascularization was seen at 

the anastomoses, but epithelialization was never observed. Acute and chronic inflammation of the 

native airway epithelium was observed at all time points. Architectural changes of the scaffold 

included posterior wall infolding and scaffold delamination.

Conclusions.—In our ovine model, clinically applied synthetic tissue-engineered tracheas 

demonstrated infectious, inflammatory, and mechanical failures with a lack of epithelialization and 

neovascularization.
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In the last decade, the lack of surgical options to treat long-segment tracheal defects had 

accelerated human implantation of tissue-engineered tracheal grafts (TETGs).1–4 Initial 

reported success propelled the introduction of synthetic scaffolds to spare the need for donor 

tissue. However, human outcomes with synthetic tracheal replacement have been fraught 

with complications, including stenosis, delayed epithelialization, the need for explantation, 

and death.1,3–8 In addition, inquiries in clinical reports have emphasized the need for further 
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preclinical testing.9,10 Given the challenges of characterizing outcomes in human recipients, 

we used a lamb model of orthotopic implantation of synthetic TETGs to further define the 

complications seen at the bedside.

Previous studies suggested that seeding synthetic tracheal scaffolds with autologous bone 

marrow–derived mononuclear cells (BM-MNCs) attenuates stenosis and accelerates graft 

epithelialization.11 We noted that, similar to complications of open airway surgery, stenosis 

of TETGs was the predominant morbidity observed, resulting in airway obstruction, 

respiratory distress, and animal mortality. We demonstrated that bronchoscopic interventions 

such as balloon dilation and stenting can be used to palliate stenosis.12 The aim of this study 

was to describe histologic and clinical outcomes with consistent postimplantation 

surveillance and interventions for TETGs to define both long-term regenerative outcomes 

and the modes of graft failure.

Methods

Animal Care and Ethics Statement

The Institutional Animal Care and Use Committee of Nationwide Children’s Hospital 

approved the protocol (AR13–00071). Animal care was provided in accordance with 

humane care standards published by the Public Health Service in the Care and Use of 
Laboratory Animals (2011; National Institutes of Health, Bethesda, Maryland) and US 

Department of Agriculture regulations outlined in the Animal Welfare Act.

Scaffold Fabrication.—Scaffolds were manufactured as previously described.12–14 

Briefly, 20% polyethylene terephthalate (PET) and 80% polyurethane (PU) polymer 

nanofiber precursor solutions were electrospun on a custom mandrel. Tracheal rings were 3-

dimensionally (3D) printed from medical-grade polycarbonate and embedded into the graft 

during electrospinning, producing a 5-ringed scaffold that was 70 mm long with a 20-mm 

inner diameter and 22-mm outer diameter. Excess length to secure the graft to the mandrel 

for cell seeding was ultimately trimmed to a functional graft of 50 mm for implantation. 

Scaffolds were sterilized with 35 kGy of gamma irradiation.

Scaffold Characterization.—Scaffolds were mounted, gold sputter coated, and imaged 

with scanning electron microscopy. With ImageJ software (National Institutes of Health, 

Bethesda, Maryland), the mean ± SD pore diameter was 5.4 ± 2.0 μm, and the mean fiber 

diameter was 1.0 ± 0.58 μm. Per ISO standard 7198 (second edition, 2016-08-01), the 

porosity was calculated as 75.72% ± 1.04%. The pores were completely interconnected, and 

the fibers were not point bonded.

Representative scaffolds (n = 5) were mechanically tested separately in medial-lateral and 

anterior-posterior compression with a servohydraulic materials test frame as previously 

described (858 Bionix; MTS Corp, Eden Prairie, Minnesota).14 Compression to 75% 

luminal narrowing demonstrated a maximum load of 32.8 ± 0.38 N (medial-lateral) and 

104.4 ± 1.75 N (anterior-posterior). There was no evidence of graft delamination or design 

failure during mechanical testing.
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Bone Marrow Harvest, BM-MNC Enrichment, and TETG Scaffold Seeding.—
Bone marrow harvest, BM-MNC enrichment with graft seeding, and implantation were 

performed during a single surgical intervention. Juvenile sheep (Dorset, Ovisaries, n = 8, 41 

± 10.5 kg) were first given butorphanol/midazolam (0.2/0.5 mg/kg intramuscular), and 

general anesthesia was then induced with ketamine (5–10 mg/kg) with diazepam (0.02–0.08 

mg/kg) or propofol (4 mg/kg). Anesthesia was maintained with isoflurane (1%-5% in 

oxygen) and/or propofol (20–40 mg/kg/h).

In a sterile fashion, a 1-cm incision was made over the iliac crest, and a Jamshidi needle 

(Carefusion Inc, Franklin Lakes, New Jersey) was used to cannulate the marrow space 

(Figure 1A, A.1). A target volume of 5 mL/kg of bone marrow was aspirated into syringes 

containing heparinized saline.

BM-MNCs were enriched from heparinized bone marrow with a disposable closed-filtration 

system (Pall Corporation, Port Washington, New York) via size exclusion under gravity 

filtration (Figure 1B).15–19 The PET/PU scaffold was then secured to a fenestrated mandrel 

and submerged in BM-MNCs and vacuum seeded (−5 to −10 mm Hg; Figure 1C).13,14 

Samples of the graft were obtained for DNA assay. Pre- and postseeding BM-MNC 

suspensions were sampled for manual and automated cell counts. Our prior experience 

established that no gross morphologic or mechanical alterations to the synthetic scaffold 

occur during this process.14,18,20

DNA Assay and Determination of Seeding Efficiency.—Cell seeding efficiency was 

quantified via manual hemocytometer or automated cell count (Countess Automated Cell 

Counter; Fisher Scientific, Waltham, Massachusetts). Double-stranded DNA content in 

seeded scaffold samples (n = 4, 5 × 5–mm3 samples per graft) was determined via fluori-

metric assay (QuantiT PicoGreen dsDNA Assay; Life Technologies, Carlsbad, California) 

per the manufacturer’s protocol as previously described.14,21 Preseeding suspensions or graft 

sections were frozen in dH2O overnight at −80°C to induce cell lysis. PicoGreen reagent was 

added to 50 μL of the thawed sample and incubated for 3 minutes at room temperature prior 

to measurement of fluorescence with a SpectraMax M5 spectrophotometer (excitation: 480 

nm, emission: 520 nm; Molecular Devices, San Jose, California). Density of cell seeding 

(cells/mm3) was interpolated from a standard curve of an aliquot of the preseeding 

suspension assayed in parallel and reported as box plots with median lines and minimum, 

maximum values (Figure 2).

TETG Implantation.—During BM-MNC enrichment and scaffold seeding, the animal was 

placed in a supine position. Preoperative bronchoscopy was performed, and the site of graft 

implantation was measured with endoscopic techniques (Figure 1D.1).22 Radiographic 

assessment was then performed with 3D fluoroscopy producing axial, sagittal, and coronal 

images of the trachea equivalent to computed tomography (Figure 1D.2).

Animals were given intra- and postoperative antibiotics (cefazolin, 50 mg/kg/d) for 1 week. 

Through a vertical mid-line incision, a 5-cm segment of native trachea was isolated and 

resected (Figure 1D.3). The seeded TETG was then orthotopically implanted with 

interrupted 3–0 polydioxanone suture (PDS; Ethicon, Somerville, New Jersey). Implantation 
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was oriented in an interposition fashion with direct opposition of the lumen of the scaffold 

with the native airway lumen (Figure 1E.1). Postoperative rigid bronchoscopy and imaging 

(3D fluoroscopy) were obtained (Figure 1E.2–4). Surgical clips were placed to 

radiographically define the anastomoses (Figure 1E.2).

Postimplantation Surveillance.—Animals were extubated immediately after surgery. 

They were monitored for signs of respiratory distress and pain. Veterinary staff 

independently monitored the health of the sheep in accordance with current practices and 

standards for laboratory animal husbandry.

With use of clinical respiratory distress scales as previously described, clinical symptoms 

were observed on a daily basis (stridor, tachypnea, retractions, increased work of breathing, 

hypoxia, cyanosis, wheezing, cough).23 Respiratory symptom scores were assigned in 

addition to standard measures of animal health. The initial study endpoint was 6 weeks; this 

was extended to 4 months when feasibility of endoscopic interventions was demonstrated 

(animals 4–8; Table 1). Surveillance bronchoscopy and 3D fluoroscopy were performed at 3 

weeks, 6 weeks, 3 months, and 4 months. Graft lumen size and the grade of stenosis were 

defined with the Cotton-Myer scale.22,24 Emergent airway intervention with balloon dilation 

and stent placement was performed for graft stenosis and respiratory distress (Figure 1F, G). 

These procedures were performed under general anesthesia with spontaneous ventilation. 

Graft dilation was performed in response to stenosis .50% of luminal area at any level of the 

graft. Balloon dilation of the stenotic regions was performed with 14- to 16-mm airway 

balloons inflated to 8 to 10 atm for 1 minute (Acclarent, Irvine, California). When the plane 

of anesthesia did not permit balloon dilation due to hypoxia, serial dilation was performed 

with sequential placement of endotracheal tubes (sizes, 8.5–10). Graft patency was 

maintained with placement of a silicone stent (Hood Laboratories, Pembroke, 

Massachusetts) with a Pilling Jackson Alligator forceps (Teleflex, North Carolina) and 

confirmed with bronchoscopy.

Euthanasia and Necropsy.—Planned euthanasia endpoints were 6 weeks (n = 3) and 4 

months (n = 5). At this point or as determined by clinical decision making of animal 

condition, animals were administered an overdose cocktail of ketamine (20–40 mg/kg, 

intravenous). After confirmation of deep sedation via absence of pupillary light response, 

animals were euthanized via bilateral pneumothoraces, exsanguination, and harvest of vital 

organs. Vital organs were weighed, evaluated for gross pathology, and formalin fixed.

Histologic Analysis.—TETG and native trachea proximal and distal to the graft were 

fixed in 10% neutral buffered formalin (Fisher Scientific) at 4°C overnight and then 

transferred to 70% EtOH. Segments of the host trachea and graft were divided for paraffin, 

glycolmethacrylate, or methylmethacrylate embedding (Figure 3). Slides were prepared (4-

mm-thick serial sections) and stained with hematoxylin and eosin and Lee’s methylene blue 

for paraffin and resin embedded sections, respectively. Slides were imaged on a Zeiss Axio 

Observer Z.1 microscope, and photomicrographs were acquired with a Zeiss Axiocam 105 

camera at 2×, 10×, 20×, and 40× magnifications. Interpretation was performed by a 

pathologist (K.B.).
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Immunohistochemistry.—Slides were deparaffinized with xylene and rehydrated with a 

graded ethanol series. Antigen retrieval was performed, and specimens were blocked prior to 

incubation with primary antibodies. Primary antibodies included CD68 (1:250 dilution ratio; 

Abcam, Cambridge, Massachusetts) and α-SMA (α-smooth muscle actin, 1:2000 dilution 

ratio; Dako, Carpinteria, California). Antibody binding was detected with appropriate 

biotinylated secondary antibodies (Vector Laboratories, Burlingame, California), followed 

by binding of streptavidin-horseradish peroxidase (Vector Laboratories) and color 

development with 3,3-diaminobenzidine (Vector Laboratories).

Results

PET/PU Tracheal Scaffolds Can Be Seeded with Autologous BM-MNCs

A consistent bone marrow volume of 5.07 ± 0.08 mL/kg (207.7 ± 52.2 mL) was aspirated 

from each animal. Preseeding cell viability and seeding efficiency were consistent and 

favorable (74% ± 14% and 57% ± 15%, respectively). Despite precision in harvested bone 

marrow, dsDNA assay results had variable cell seeding results (7.46 × 105±3.86 × 105 

cells/mm3; Figure 2A), suggesting high variability in cellular concentration between hosts.

BM-MNC Harvest/Isolation, Graft Seeding, and Orthotopic Tracheal Replacement with 
Synthetic TETG Can Be Performed as 1 Surgical Intervention

A total of 8 animals underwent bone marrow harvest, BM-MNC isolation, graft seeding, and 

orthotopic tracheal replacement. Mean operative time was 4.88 ± 0.98 hours. All sheep 

tolerated the procedure well and were extubated on postoperative day 0. While BM-MNC 

isolation and graft seeding were performed, the animal underwent repositioning for implant 

and airway assessment with bronchoscopy and 3D fluoroscopy. Exposure of the cervical 

trachea was then achieved, and the seeded graft was orthotopically implanted. There were no 

intraoperative delays or complications.

Poor BM-MNC Seeding Correlates with Early Presentation of Respiratory Distress

There was a correlation between the density of seeded cells and severity of respiratory 

symptoms (Figure 2B). DNA assay results for each graft were plotted against earliest 

presentation of respiratory symptoms (prior to endoscopic intervention) and worst 

respiratory symptom score (regardless of prior intervention). Lower seeded cell dose 

correlated with earlier presentation of respiratory symptoms (P = .0188). There was no 

correlation between cell dose and the worst respiratory symptom score.

Respiratory Distress Evolves within Weeks of Implantation and Represents Fixed Stenosis 
of the Graft at the Anastomoses

The postoperative course is summarized in Table 1. Onset of respiratory distress presented 

on postoperative day 18 ± 7, most commonly manifesting as stridor (n = 6). Progression of 

respiratory distress led to emergent intervention in 2 cases prior to the first scheduled 

surveillance bronchoscopy (Figure 1H–M). Of note, these 2 animals were the smallest 

animals with the greatest mismatch of native airway to graft size.

Pepper et al. Page 6

Otolaryngol Head Neck Surg. Author manuscript; available in PMC 2020 May 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The first bronchoscopy demonstrated evidence of graft stenosis in all animals. Fluoroscopic 

3D reconstructions confirmed that stenosis was most evident at the proximal and distal 

anastomosis, histologically characterized by exuberant granulation tissue (Figure 3A, B). 

Bronchoscopic and radiographic surveillance raised concerns that scaffold architecture was 

commonly distorted, presenting with infolding of the posterior tracheal wall and with 

scaffold delamination, which was confirmed on histopathologic analysis (Figure 3C, D).

Graft Stenosis Can Be Successfully Managed with Endoscopic Interventions Permitting 
Assessment of Long-term Graft Performance

Tracheal dilation with stent placement resulted in resolution of graft stenosis and respiratory 

distress. Responsiveness to endoscopic interventions leads to extension of the terminal 

endpoint to 4 months (Table 1). Despite improvement in clinical symptoms and prolonged 

survival, this did not result in improved graft epithelialization.

Gross Sections Illustrate Modes of Synthetic TETG Failure

The analysis of gross pathology revealed that graft failure occurred in multiple modes 

(Figure 4). Mechanical failure was present due to graft delamination (Figures 3D and 4) and 

posterior wall infolding (Figures 3C and 4). Infection, fibrinopurulent exudate, and excessive 

granulation tissue formation were present. Specimens lacked signs of substantial epithelial 

migration or viable neotissue formation.

Graft-Related Neotissue Resembles Granulation Tissue with Foreign Body Reaction

Neotissue was limited to the anastomosis and adjacent to the graft. Extraluminal tissue 

showed signs of fibrosis and neovascularization. There was no histologic evidence of 

neovascularization within the scaffold. Neotissue was not observed within the midgraft 

region. Graft-related neotissue was histologically characteristic of granulation tissue. 

Fibroblasts and CD68+ macrophages with multinucleated giant cells were surrounded by 

regions of neovascularization (Figure 5A–C). Vascularity (α-SMA1 vessels) was increased 

in graft-related neotissue (Figure 5D) as compared with native trachea tissue.

Persistent Inflammation within the Native Trachea May Contribute to Failure of Host 
Epithelial Migration

Native trachea adjacent to the TETG at the time of necropsy was compared with the excised 

tracheal segment at the time of graft implantation (Figure 6). Tracheal sections distal to the 

anastomosis showed signs of inflammation with increased nuclear density, cellularity, and 

disrupted architecture. Macrophage (CD68+) infiltration was observed in native tissue 

adjacent to the graft and graft-related neotissue at early time points following graft 

implantation and persisted at late time points (Figure 5C, 5C.1). Disruption of epithelial 

topography (papillary infolding) was present and more exaggerated at late–time point 

specimens (Figure 6C, D). Lamina propria thickening, increased nuclear density, cellularity, 

and glandular hyperplasia were all observed.
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Lung Infection Is Commonly Found at Necropsy

Two animals were euthanized at the 3-week time point. One demonstrated progressive 

respiratory distress following bronchoscopy with dilation and had right upper lobe 

pneumonia, and 1 had an anesthesia-related complication during bronchoscopy that required 

euthanasia. Two animals were euthanized at the 6-week time point. One had an anesthesia-

related complication during bronchoscopy. The second was hypoxic during bronchoscopy 

and had a lung abscess and pneumonia upon necropsy. One animal demonstrated complete 

graft dislodgment at the 3-month bronchoscopy and was euthanized upon development of 

respiratory distress 4 days later. Bronchoscopy showed graft encapsulation with a sleeve of 

malacic soft tissue contiguous with the native trachea. The remaining 3 animals were 

euthanized at the 4-month time point, with 1 noted to have a lung abscess.

Discussion

In 2008, the first TETG was implanted in a human recipient with decellularized trachea to 

replace a diseased left mainstem bronchus.25 Additional implants for tracheal replacement 

were then performed in humans with poor outcomes.2–4,6,7,26–28 To spare the need for donor 

tissue, the first synthetic tracheal scaffold was implanted in a human recipient in 2011.29 Of 

the human recipients of synthetic TETGs implanted, all are deceased or required graft 

explantation.6–8,28,30 To evaluate the limitations in synthetic tracheal replacement, we 

studied the synthetic scaffold used in prior clinical and preclinical studies with a lamb 

model.13,31 This model was selected because sheep are naturally outbred and genetically 

diverse; they have similar respiratory histologic, anatomic, and physiologic properties; they 

are used to model pulmonary disease in humans; and they have served as a preclinical 

foundation for the study of tissue-engineered vascular grafts.32–34 In a pilot study, we 

identified that graft stenosis is the predominant complication seen and that it is responsive to 

endoscopic dilation and stent placement.12

In this study, we categorized failure of TETGs into infectious, mechanical, and 

inflammatory missteps, ultimately resulting in inadequate neotissue formation. We 

hypothesize that this is a result of delayed epithelialization and poor blood supply. Despite 

graft seeding, implantation of a nonvascularized, nonepithelialized graft results in a large 

defect in the mucociliary ladder that increases the risk of infection, inflammation, and graft 

encapsulation.

Half of the animals demonstrated infectious processes within the lung parenchyma 

manifesting as lung abscess (n = 3) and pneumonia (n = 1) at the time of necropsy (Figure 

7B). On gross analysis, fibropurulent exudate was noted directly around the graft in all 

specimens. Intraluminal purulence was seen at the time of initial bronchoscopy in all 

animals (Figure 7A). Infectious complications led to intraoperative hypoxia requiring 

euthanasia in at least 1 case. One factor that is important in preventing infectious failure is 

the development of a functional epithelium. Our preliminary study identified the migration 

of epithelium at the anastomoses, suggesting that a longer study interval could lead to 

further graft epithelialization.11 However, there was no progression of graft epithelialization 

at our latest surveillance time point of 4 months.
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With any tissue-engineered scaffold, the biomechanics of the scaffold interacting with the 

native tissues play an important role in the success or failure of a graft. A tracheal scaffold 

must maintain integrity against static tensile forces, dynamic respiratory forces, neck 

movements, and wound contracture after implantation. Conversely, supraphysiologic 

scaffold properties create compliance mismatch, which can result in graft stenosis or failure.
35–37 The synthetic scaffold that we assessed was designed to have mechanical properties 

similar to native trachea.14 Even with optimization of mechanical compatibility, all grafts 

demonstrated stenosis, delamination, and posterior wall infolding (Figure 7C–F).

Currently, there is no consensus on the ideal scaffold composition for tracheal tissue 

engineering. Decellularized tissue is nonimmunogenic but requires a donor and relies on 

host integration to maintain graft integrity.38–40 Allograft materials may not demonstrate the 

same mechanical properties as native trachea and have required immunosuppression.26,41 

While synthetic materials can be easily customized, they can lead to chronic inflammation 

and infection. Animal models comparing these approaches demonstrated evidence of graft 

compromise, with the majority of graft recipients requiring early termination prior to 30 

days.40 Recent clinical advances in tracheal replacement emphasize the importance of 

vascularized tissue to support a viable orthotopic tracheal implant.41–43

All animals in this study demonstrated evidence of graft stenosis that was associated with 

granulation tissue. Graft stenosis led to significant airway obstruction, requiring endoscopic 

intervention with stent placement to maintain airway patency (Figure 7G–J). To address 

chronic inflammation, modulation of the scaffold composition is critical.

The role of cell seeding in tracheal tissue engineering remains unclear. We identified that 

poor graft seeding correlates with earlier manifestations of respiratory distress. In tissue-

engineered vascular grafts, seeded BM-MNCs prevent graft stenosis and modulate 

macrophage phenotype, promoting neotissue formation.21,44–46 Outcomes in TETGs have 

demonstrated less benefit: tracheal graft stenosis is not resolved by autologous cell seeding, 

and current cell seeding technologies have demonstrated inconsistencies that hinder outcome 

analyses.47

There are several limitations to this study. First, our study represented a small cohort. Also, 

we did not have a control group of tracheal removal and reimplantation, which has an 

inherent risk of stenosis and infection.48,49 There are also limitations in postoperative 

management of airway reconstruction performed in sheep as compared with humans 

(inability to maintain prolonged intubation, variations in administrating medication). 

Nevertheless, the sheep model represents a close approximation of the scale of adult tracheal 

replacement. Finally, although PET and PU polymers are commonly used in medical 

applications approved by the Food and Drug Administration, future work should expand on 

the testing of the cellular affinity and immunogenicity of this scaffold.40
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Conclusion

In an ovine model, synthetic TETGs previously used in humans demonstrated infectious, 

inflammatory, and mechanical failures that were associated with a lack of neotissue 

formation despite long-term implantation.
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Figure 1. 
Lamb model of tissue-engineered tracheal graft. (A. A.1) Bone marrow harvest. (B) BM-

MNC isolation. (C) Graft seeding. (D.1–3) Preimplant assessment. (E.1–3) Postimplant 

assessment. (F.1–3) Graft stenosis treated with graft dilation (G.1–3). Arrow: vascular clip at 

anastomosis. BM-MNC, bone marrow–derived mononuclear cell.
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Figure 2. 
Graft seeding and respiratory symptoms. (A) Cell density of tissue-engineered tracheal graft 

scaffolds. Values are presented as box plots with median lines and minimum, maximum 

values. (B) Earliest and worst Respiratory Symptom Score (RSS) vs cell seeding density (P 
= .0188).
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Figure 3. 
Graft stenosis. (A) Tissue-engineered tracheal graft prior to dilation (white asterisks). 

Anastomoses (arrowheads) bound by native proximal (p) and distal (d) trachea. (B) 

Granulation at anastomosis. (C) Posterior wall infolding (black arrow) and (D) graft 

delamination (black asterisk, tracheal scaffold; double cross, airway lumen).
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Figure 4. 
Gross sections of tissue-engineered tracheal graft. Encapsulation (asterisks) and graft 

deformation (arrowheads) in all specimens. †Indicates 1 incident of graft dislodgment.
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Figure 5. 
(A) Graft-related neotissue at the anastomosis consistent with granulation tissue (black 

arrows) and (B) multinucleated giant cells. (C, C.1) Macrophage (CD681) infiltration seen 

as well as (D, D.1) increased (α-SMA1) vascularity. Asterisks indicate tracheal scaffold; 

black boxes in C, D, represent high powered fields shown in C.1, D.1, respectively.
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Figure 6. 
(A, B) Native trachea. (C) Low-magnification axial section of the native trachea distal to the 

graft (day 139) showing chronic inflammation, edema, and pronounced papillary infolding. 

(D) Higher magnification demonstrating increased cellularity and chronic inflammation. 

Arrow indicates tracheal cartilage fracture from endoscopic interventions; black boxes in A, 

C outline high powered fields shown in B, D respectively.
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Figure 7. 
(A) Purulence (red arrowhead, arrow). (B) Lung abscess (red arrow), fibropurulent exudate 

(*) in gross section and histology (upper, lower inset). (C) Posterior wall infolding (blue 

arrowhead). (D-F) Scaffold delamination. (G-J) Graft stenosis.
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