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Abstract

Although the gross and microscopic pathology in rats infected with Angiostrongylus cantonen-
sis has been well described, corresponding changes detected using diagnostic imaging modal-
ities have not been reported. This work describes the cardiopulmonary changes in mature
Wistar rats chronically infected with moderate burdens of A. cantonensis using radiology,
computed tomography (CT), CT angiography, echocardiography, necropsy and histological
examinations. Haematology and coagulation studies were also performed. Thoracic radiog-
raphy, CT and CT angiography showed moderately severe alveolar pulmonary patterns mainly
affecting caudal portions of the caudal lung lobes and associated dilatation of the caudal lobar
pulmonary arteries. Presumptive worm profiles could be detected using echocardiography,
with worms seen in the right ventricular outflow tract or straddling either the pulmonary
and/or the tricuspid valves. Extensive, multifocal, coalescing dark areas and multiple pale
foci affecting the caudal lung lobes were observed at necropsy. Histologically, these were com-
posed of numerous large, confluent granulomas and fibrotic nodules. Adult worms were
found predominantly in the mid- to distal pulmonary arteries. An inflammatory leukogram,
hyperproteinaemia and hyperfibrinogenaemia were found in most rats. These findings provide
a comparative model for A. cantonensis in its accidental hosts, such as humans and dogs. In
addition, the pathological and imaging changes are comparable to those seen in dogs infected
with Angiostrongylus vasorum, suggesting rats infected with A. cantonensis could be a model
for dogs with A. vasorum infection.

Introduction

In its definitive host, the rat, adults of the metastrongylid nematode Angiostrongylus cantonen-
sis reside in the pulmonary arteries. Female worms lay eggs, that embolize to the distal pul-
monary arteries (Mackerras and Sandars, 1955). Upon hatching from egg nests, first-stage
larvae (L;) penetrate the alveolar walls and induce granulomatous inflammation in the pul-
monary interstitium and alveolar spaces, becoming enclosed by loosely-structured granulomas
from 45 days post-infection (Hsu et al., 2005; Garcia et al., 2014). By 90 days post-infection,
granulomas become fibrotic, leading to alveolar destruction and pulmonary fibrosis (Hsu et al.,
2005; Tu and Lai, 2006). These lesions appear grossly as nodules (2-5 mm diameter) in the
lung parenchyma (Lee et al., 1996; Tiwari et al., 2018). Adult worms remain in the pulmonary
arteries (Garcia et al, 2014) causing intimal hyperplasia and thrombosis due to physical
trauma to the vessel walls (Lee et al., 1996; Chikweto et al., 2009) and the increased vascular
resistance likely induces pulmonary hypertension. Other gross changes include variable
degrees of petechiation and congestion in the lung (Chikweto et al., 2009). The appearance
of these pulmonary changes in rats using radiography, computed tomography (CT) or ultra-
sonography has not been described.

In accidental hosts, such as humans, it is often assumed that lungworm third- and forth-
stage larvae localize in the central nervous system (CNS) until their death, where they cause
eosinophilic meningitis and sometimes encephalitis, myeloradiculitis and/or peripheral radi-
culoneuritis (Lunn et al., 2012; Barratt et al., 2016). However, when organs outside the CNS
are examined at necropsy, worms are commonly found within the pulmonary arteries
(Prociv, 1999) and evidence of pneumonia and pulmonary haemorrhage have been reported
(Yii et al., 1968). Several pulmonary changes have been described in thoracic radiological stud-
ies of infected humans (Shih et al., 1992; Cui et al., 2011). CT scans demonstrated variable
numbers of nodules (0.5-2.0 cm diameter) in the subpleural region, with some containing
round or stick-shaped areas of denser opacity presumed to be worms (Cui et al, 2011).
One to four weeks post-infection, ground-glass opacities were evident surrounding nodules
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or within the subpleural space. These were thought to be eosino-
philic infiltrates, based on the peripheral eosinophilia in these
patients. One to two months post-infection, bronchiectasis and
pleural thickening, adhesions and indentations were observed,
consistent with fibrosis. Ground-glass opacities were not seen at
this late stage, correlating with decreased peripheral eosinophilia.
This changing appearance is likely due to fibrosis replacing
inflammation with resolution. Patchy opacities and air broncho-
grams in thoracic radiographs of infected humans suggest seg-
mental inflammation in the lower lung fields, and cystic lesions
consistent with pulmonary arterial thrombosis have been reported
(Shih et al., 1992; Prociv, 1999).

Rats infected with A. cantonensis can show regenerative anaemia,
thrombocytopenia, neutrophilia, eosinophilia, basophilia and lym-
phocytosis, variably present from 1 to 8 weeks post-infection
(Garcia et al., 2014). Peripheral eosinophilia is the only consistent
finding reported in infected humans and dogs (Lunn et al., 2012;
Sawanyawisuth et al., 2013). Coagulation studies in rats or accidental
hosts with A. cantonensis infection have not been performed and
haemorrhagic diatheses have not been observed.

This project aims to correlate the gross and microscopic
changes in the lungs of rats chronically infected with A. cantonen-
sis with findings evident on radiography, CT and non-selective
CT angiography and echocardiography. These findings in the
definitive host may serve as a comparative model to better under-
stand the pulmonary pathological and imaging changes caused by
A. cantonensis in its accidental hosts, such as humans and dogs.
The lack of radiologic studies in rats and limited histologic studies
in humans limits our ability to correlate findings between these
two modalities, and a better understanding may allow the patho-
logical changes caused by A. cantonensis in the lungs of accidental
hosts to be more accurately inferred from imaging findings. In
addition, we explored haematologic changes in infected rats and
their coagulation status.

Materials and methods

Animal ethics approval was granted from Western Sydney Local
Health District/Westmead Animal Ethics Committee (Protocol
number: 8003.03.18) to use rats that would otherwise be culled
from an A. cantonensis-infected colony maintained at the
Centre for Infectious Disease & Microbiology Laboratory
Service, Westmead Hospital. These rats are used to produce A.
cantonensis antigen and nucleic acid, used for A. cantonensis
ELISA testing for humans and dogs, and to support various
research projects in Australia and overseas. Rats are culled after
12 months, or sooner if they lose weight or show signs of respira-
tory distress.

Three Wistar rats with chronic, patent A. cantonensis infection
(i.e. L; in faeces) (rats 1-3) and one Wistar rat with non-patent
infection (i.e. no L; in faeces) (rat 4) were used for diagnostic
imaging, gross pathological and histopathological studies. A further
four rats (rats 5-8) with patent infection and three rats (rats 9-11)
with non-patent infection were used for haematological and coagu-
lation testing. Although the rats with non-patent infection had been
previously infected with A. cantonensis, the absence of L; in their
feces and mature worms in their pulmonary arteries at necropsy
indicated the infections had resolved spontaneously. Details of all
rats used (weight, infection status, age when first infected and age
at the time of our study) are summarized in Table 1.

Diagnostic imaging, gross pathology and histopathology

Following a brief physical examination, rats 1-4 were imaged,
then euthanized and necropsied. Procedures were performed in
the following order:
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(1) CT. Rats were anaesthetised using ketamine (50 mg) and mid-
azolam (2.5 mg) administered intraperitoneally (rats 1 & 2) or
isoflurane (given to effect) in 100% oxygen using a non-
rebreathing system and an out-of-circuit vaporizer (rats 3 &
4), and placed in sternal recumbency on the gantry of a GE
LightSpeed® 16 Slice CT scanner, with thoracic limbs
extended cranially and pelvic limbs extended caudally, both
being secured with adhesive tape. CT images were acquired
using a 0.625mm slice thickness with 0.3 mm interval.
Images were reconstructed at 0.625 mm isotropic resolution
using a medium- to high-frequency convolution kernel.

(2) Echocardiography and ultrasound of the lung parenchyma.
Anaesthesia was maintained with 0.75% isoflurane to facilitate
echocardiography and spectral pulsed and continuous wave
Doppler studies using a GE Vivid® S5 ultrasound system and
125-D phased-array cardiac sector transducer using the 12
MHz setting. In rat 1, isoflurane was then increased to 2% to
reduce cardiac output, in an attempt to change the location
of worms in the pulmonary arteries. Ultrasound of the lung
parenchyma was performed using a Philips Affiniti® 70G with
an L12-5 linear array transducer using the 12 MHz setting.

(3) Radiology. Anaesthesia was maintained with isoflurane
(1.5%) and left lateral, right lateral, dorsoventral and ventro-
dorsal radiographs were obtained using a technique chart
designed for small mammals.

(4) Non-selective CT angiography. Anaesthesia was maintained
with a second dose of ketamine (50 mg) and midazolam
(2.5mg) intraperitoneally (rat 2) or isoflurane (1.5%) (rat
3), and the rats positioned on the CT scanner gantry as pre-
viously described. Iohexol was used as the intravenous con-
trast agent with an intended dose of 880 mg iodinekg™".
Iohexol (350 mg iodine mL™") was injected by hand into
the lateral tail vein using a 23-gauge butterfly needle (rat 2:
700 mg, rat 3: 525 mg) and the scan commenced a few sec-
onds after the end of injection. Due to technical difficulty
finding and injecting into the tail vein and suboptimal vascu-
lar opacification in rat 3, a further 700 mg of iohexol was
injected and the scan immediately repeated. CT images
were acquired using a 0.625mm slice thickness with 0.3
mm interval. Images were reconstructed at 0.625 mm iso-
tropic resolution using a medium- to high-frequency convo-
lution kernel. Standard viewing software (eFilm Workstation®,
MERGE Healthcare, an IBM company, Mississauga, ON,
Canada) was used to view CT (and radiographic) images.

(5) Necropsy. Following euthanasia by an overdose of ketamine
and isoflurane (rats 1 & 2) or pentobarbitone sodium
(Lethabarb®) (rats 3 & 4), rats were necropsied, and the hearts
and lungs removed to be examined grossly. A concerted effort
was made to examine the full length of the main pulmonary
arteries, as well as the right ventricle and right ventricular
outflow tract, to harvest all the lungworms present.
Extracted worms were counted and identified as male or
female based on morphology.

(6) Histology. Hearts and lungs were fixed in 20 times their vol-
ume of 10% neutral buffered formalin for a minimum of 24 h,
then embedded in paraffin, cut to 5um thick tissue sections,
mounted on glass slides and stained with haematoxylin and
eosin (H&E). Sections were examined using conventional
light microscopy.

Haematological and coagulation studies

Following brief physical examination and measurement of oxygen
saturation (SpO,) levels with pulse oximetry, rats 5-7 were
sedated with an intraperitoneal injection of ketamine (50 mg)
and midazolam (2.5 mg) and blood obtained via left ventricular
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Table 1. Rats used for our investigations, with their weight and infection status determined by the presence (patent infection) or absence (resolved infection) of L;

in their feces

Rats Weight Infection status with Age when Age at time of Anaesthetic or method for Worms visualized with
investigated (g) A. cantonensis infected investigations euthanasia echocardiography
Rat 1 600 Patent infection Unknown Unknown Ketamine/Midazolam No
induction, isoflurane
maintenance
Rat 2 600 Patent infection Unknown Unknown Ketamine/Midazolam Yes
induction, isoflurane
maintenance
Rat 3 530 Patent infection Unknown Unknown Isoflurane Yes
Rat 4 920 Resolved infection Unknown Unknown Isoflurane Not attempted
Rat 5 Unknown  Patent infection Unknown Unknown Ketamine/Midazolam Not attempted
Rat 6 Unknown  Patent infection Unknown Unknown Ketamine/Midazolam Not attempted
Rat 7 819 Patent infection 6 months 18 months CO, Not attempted
Rat 8 830 Patent infection 6 months 16 months CO, Not attempted
Rat 9 745 Resolved infection 6 months 18 months CO, Not attempted
Rat 10 796 Resolved infection 6 months 17 months CO, Not attempted
Rat 11 823 Resolved infection 6 months 16 months CO, Not attempted

puncture. In the remaining rats (rats 8-11), blood was collected
via left ventricular puncture immediately following euthanasia
with 100% CO,. Samples in EDTA tubes were transported to
Veterinary Pathology Diagnostic Services, Sydney School of
Veterinary Science, The University of Sydney for haematological
analysis (rats 5-11) and citrated plasma samples sent to
Vetnostics Laboratory, North Ryde to determine prothrombin
time (PTT), activated partial thromboplastin time (aPTT), throm-
bin time (TT) and fibrinogen and D-dimer levels (rats 6-11).

Results

Diagnostic imaging, gross necropsy findings and
histological examination of rats with patent A. cantonensis
infection (rats 1-3)

Rats were outwardly normal on physical examination, with no
discernible tachypnoea or dyspnoea observed. SpO, readings
obtained were in the range of 93-97%. Radiography showed a
moderate to severe alveolar pattern primarily affecting caudal por-
tions of the left and/or right caudal lung lobes (Fig. 1A and E).
Pulmonary vessels were difficult to assess in the radiographic
studies due to the small size of the thorax and increased pulmon-
ary parenchymal opacity causing border effacement of the vessels.
Air bronchograms could be seen in the most severely affected por-
tions of the lung. Changes in pulmonary opacity were typically
asymmetrical. These observations were confirmed by the CT stud-
ies, which also showed enlargement of the caudal lobar pulmonary
arteries (Fig. 1B, C, F and G). These changes were more obvious in
CT angiography images. Negative worm profiles could not be dis-
cerned within the pulmonary arteries. Subjectively, the heart was
normal in size and shape, and dilatation of the main pulmonary
artery segment was not appreciated radiologically. In the most
severely radiographically affected rat (rat 2), areas of increased pul-
monary opacity were identified in the accessory, right cranial and
middle lung lobes on CT, in addition to the caudal lobar regions.

Echocardiographic observations varied between rats. There
was no detectable cardiac chamber enlargement and the main
pulmonary artery was of normal size and appearance. It was
sometimes possible to interrogate hyperechoic parallel structures
(up to 10 mm in length in some views) resembling worm profiles
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in transverse and short longitudinal section (Fig. 2). In other rats,
this was not possible despite concerted efforts, presumably
because worms were in portions of the pulmonary arterial tree
beyond the acoustic window of the wultrasound beam.
Presumptive worm profiles, when encountered, were detected in
the right ventricular outflow tract just below the level of the pul-
monary valve or straddling either the pulmonary or the tricuspid
valves. Attempts to change the location and number of worm pro-
files by varying the inspired concentration of isoflurane (and
hence anaesthetic depth and cardiac output) failed. Pulmonary
hypertension was suggested in one rat using spectral Doppler
echocardiography to detect a high velocity (3-4 m s™") regurgitant
jet through the pulmonary artery. Ultrasound of the caudal lung
lobe parenchyma showed hepatisation with complex heteroge-
neous echogenicity and comet tail artefacts (Fig. 1]).

Pulmonary lesion distribution was confirmed by necropsy
examination, with extensive, multifocal coalescing areas of dark
discolouration (consolidation) and multiple pale foci (<1 mm
diameter) affecting one or both caudal lung lobes (Fig. 1D and
H). The cranial lung lobes were variably but generally much
less severely affected. The demarcation between abnormal and
normal lung was often sharply delineated. Distal pulmonary arter-
ies were dilated, sometimes segmentally, with a focal portion har-
bouring a knot of tangled coiled lungworms. Adult male and
female lungworms were located predominantly in the mid to dis-
tal pulmonary arteries (Fig. 1I), although in rat 2 a single worm
was also found in the right ventricular outflow tract just below
the pulmonary valve. All worms were non-motile and presumably
dead upon removal. The number and sex of the lungworms in the
investigated rats were as follows: rat 1 had 9 worms (4 males, 5
females), rat 2 had 10 worms (3 males, 7 females) and rat 3 har-
boured 12 worms (5 males, 7 females). Males worms were thin
and did not display the ‘barber’s pole’ appearance; female
worms were longer and thicker and had a barber’s-pole appear-
ance due to the gut containing blood and digested blood wrap-
ping around the ovaries (Mackerras and Sandars, 1955). The
heart in all rats appeared grossly normal.

Histologic examination of the caudal lung lobes showed
replacement of normal tissue architecture with numerous small
to large confluent granulomas and fibrotic nodules (Fig. 1K).
Granulomas consisted of oval spaces containing parasitic eggs
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Fig. 1. (A) Left lateral radiograph of rat 3. An alveolar pattern is present in the caudal lobar region (blue star) and a poorly demarcated increase in soft tissue opacity is superimposed over the caudal margin of the cardiac silhouette
(yellow star). Cardiac margins are poorly demarcated. (B) Axial CT angiography image of rat 3 at the level of the cardiac apex. The left and right caudal lobar pulmonary arteries are markedly enlarged. A ground glass soft tissue
opacity is present in the right caudal lung lobe (blue arrows) and to a lesser degree in the left caudal lung lobe (yellow arrows). Right caudal pulmonary artery (a) together with bronchus (b) and pulmonary vein (v). (C) Dorsal
reconstructed CT image of rat 3 through the caudal lung lobes. Caudal pulmonary lobar arteries are enlarged and do not taper normally (blue arrows). A ground glass soft tissue opacity is present in the right and to a lesser degree
left caudal lung lobes. (D) Dorsal aspect of the lungs of rat 3 at necropsy. Note extensive, multifocal coalescing areas of dark discolouration (consolidation) of the caudal aspects of the lung lobes, worse on the right. N.B. this image
has been flipped horizontally to correspond with the CT images. (E) Left lateral radiograph of rat 2. A marked multifocal alveolar pattern is present in the caudal lobar region (blue star). Cardiac margins are poorly demarcated. Axial
(F) and dorsal reconstructed (G) CT images of rat 2 made through the caudal lung lobes. The right caudal lung lobe (blue arrows) appears consolidated with small remaining gas opacities associated with bronchial structures. A more
focal region of alveolar disease is present in the caudal and medial extremity of the left caudal lung lobe (green arrows), at the terminal aspect of the lobar artery (red arrows). An alveolar pattern is also present in the accessory lung
lobe, immediately dorsal to the heart (yellow arrows). Enlarged left caudal pulmonary artery (a), together with bronchus (b) and pulmonary vein (v). (H) Dorsal aspect of the lungs of rat 2 at necropsy. Note the extensive, multifocal
coalescing areas of dark discolouration (consolidation) of the right caudal lung lobe and caudal aspect of the left lung lobe, more marked on the right. N.B. this image has been flipped horizontally to better correspond to the CT
images. (1) Dissected lungs of rat 3 ex vivo, ventral surface. Numerous mature lungworms can be seen in the left distal pulmonary arteries. (J) Ultrasound appearance of partially hepatized caudal lung lobe regions from rat 3. Note the
complex heterogeneous echogenicity and comet-tail artifact due to residual gas within the markedly abnormal lung parenchyma. (K and L) Histological images of lungs from rat 3, stained with H&E. (K) A granuloma consisting of
parasitic eggs and first-stage larvae surrounded by many plump fibroblasts and collagen, numerous large macrophages plus lymphocytes, plasma cells, scattered neutrophils and occasional eosinophils can be seen. (L) Transverse
sections of adult worms can be seen within a pulmonary artery. Note the thickened vascular walls (blue star).
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Fig. 2. Right parasternal short axis echocardiographic view of the heart at the level of
the heart base and pulmonary artery of a rat (rat 2) chronically infected by A. canto-
nensis. The blue arrows denote worm profiles in the right ventricular outflow tract
and straddling the pulmonary valve. (A and B) represent two different frames sepa-
rated slightly in time. RV, right ventricle; AO, aorta; PV, pulmonary valve; PA, pulmon-
ary artery; LMPA, left main pulmonary artery; RMPA, right main pulmonary artery.

and L; surrounded by many plump fibroblasts and collagen,
numerous large macrophages plus lymphocytes, plasma cells,
scattered neutrophils and occasional eosinophils. Many of these
granulomas contained abundant dilated capillaries and small to
large haemorrhages, while others were calcified. Fibrotic nodules
consisted of swirls of dense fibrous tissue with only scattered oval
spaces containing L; with occasional eggs. The most well-
vascularized fibrous tissue was infiltrated by numerous plasma
cells and many plump macrophages including multi-nucleated
giant cells, lymphocytes and scattered eosinophils. Some sections
were composed predominantly of granulomas (rats 1 & 3), while
others had mainly fibrotic nodules (rat 2). Normal but congested
alveoli were variably present. In areas with no remaining alveoli,
some remnant airways contained numerous L;. Transverse sections
of adult worms were also observed in the pulmonary arteries in
some sections (Fig. 1L). Worms were seen in vessels with thickened
walls without red blood cells (possibly lymphatics) and pulmonary
arteries with walls thickened by fibrous tissue and infiltrating
macrophages, lymphocytes, plasma cells and eosinophils, with
groups of erythrocytes between the worm cross-sections (Fig. 1L).
Worms within pulmonary arteries were occasionally associated
with thrombi. The myocardium was normal histologically.

Diagnostic imaging, gross pathology and histopathology of a
rat with resolved A. cantonensis infection (rat 4)

Aside from appearing overweight, physical examination was unre-
markable with no tachypnoea or dyspnoea observed. Radiographs
appeared normal but CT studies demonstrated slightly increased
opacity in the caudodorsal portions of the caudal lung lobes.
Caudal lobar pulmonary arteries and veins appeared subjectively
enlarged on CT. Grossly, the caudal portion of the caudal left
lung lobe had a focal area of dark discolouration and multiple foci
of pale discolouration (<1 mm diameter) were found on the remain-
ing surface of the left lung lobe. The right lung lobes appeared nor-
mal. Pulmonary arteries appeared normal and contained no adult
worms. Histologically, most of the pulmonary interstitium was infil-
trated by numerous macrophages, lymphocytes and plasma cells
accompanied by fibrosis (interstitial pneumonia). Less affected areas
showed a loss of alveolar spaces due to alveolar collapse. There was
moderate congestion and haemorrhage with multiple deposits of hae-
mosiderin and haemosiderophages and several thrombi within the
pulmonary vasculature. No worms or eggs were observed.

Haematology in rats with patent (rats 5-8) and resolved (rats
9-11) A. cantonensis infection

Haematological results are summarized in Tables S1 and S2, with
published normal reference intervals for male Wistar rats. The
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haematological findings were variable, and the small sample size
precluded statistical analysis.

Rats with patent infection showed mild hyperproteinaemia
(rats 5-8), mild erythrocytosis (rat 5), mildly decreased MCV
(rats 5 & 6), mildly decreased MCHC (rats 7 & 8), mildly
decreased MCH (rats 5 & 6), moderate leucocytosis (rat 8) with
a mild neutrophilia (rats 6 & 8), moderate monocytosis (rats 5-
8), moderate eosinophilia (rat 8) and mild basophilia (rat 8).

Rats with resolved infection showed moderate hyperproteinae-
mia (rats 9-11), mildly reduced haemoglobin concentration (rat
11), mildly decreased MCHC (rats 9-11), mildly decreased
MCH (rat 9), mild-moderate leucocytosis (rats 9-11) with a
mild neutrophilia (rat 9), moderate monocytosis (rats 9-11),
mild-moderate eosinophilia (rats 9-11) and mild basophilia
(rats 9-11).

Coagulation studies in rats with patent (rats 6-8) and resolved
(rats 9-11) A. cantonensis infection

Results from coagulation studies are summarized in Tables S3 and
S4, with published reference intervals of male Wistar rats. Rats
with patent infection showed mildly decreased PTT (rats 6-8),
mild hyperfibrinogenaemia (rats 7 & 8) and moderately-markedly
prolonged TT (rats 6-8). aPTT and D-dimer levels were within
reference intervals. Rats with resolved infection showed mildly
decreased PTT (rats 9-11), mild-moderate hyperfibrinogenaemia
(rats 10-11) and moderately-markedly prolonged TT (rats 6-8).
aPTT and D-dimer levels were within reference intervals.

Discussion

Although the gross and microscopic lesions of naturally occurring
and experimental A. cantonensis infection in rats have been docu-
mented, there are no reports concerning the radiographic, CT or
CT angiography findings. Furthermore, it was not known if it is
possible to visualize these parasitic nematodes in vivo using two-
dimensional echocardiography. Relatively consistent radiological
findings were observed in Wistar rats with experimental infec-
tions, although the findings varied from rat to rat, likely attribut-
able to the worm burden and the anatomical location of the
worms. Echocardiography in two out of three individuals demon-
strated worm profiles in the right ventricular outflow tract and
main pulmonary artery, but the ultrasound beam was unable to
interrogate the more distal pulmonary arteries where worms are
typically situated.

Radiographs and CT demonstrated multifocal moderate to
severe alveolar disease, primarily affecting the caudal lung lobes,
mostly involving their caudal extremities. Changes were typically
asymmetrical and more severe on the right. Radiographic and CT
findings were supported by gross and microscopic examinations
of the lungs post-mortem, which demonstrated that the extensive,
multifocal coalescing areas of discolouration with multiple pale
foci were composed of numerous small to large confluent egg
granulomas and fibrotic nodules. The pathologic changes in the
lung are consistent with those reported in the literature (Lee
et al., 1996; Hsu et al., 2005; Tu and Lai, 2006; Garcia et al,
2014; Tiwari et al., 2018) and likely reflect the embolization of
eggs to distal pulmonary arterioles, where L; subsequently hatch
to penetrate the alveoli of the subserved lung parenchyma, indu-
cing a florid inflammatory response which then becomes fibrotic.
Sections of adult worms seen during histological examination of
infected lungs indicate that not all worms were removed during
our dissection; a technique such as macerating the lung to small
pieces would be required to do this adequately.

In humans, a similar lesion distribution is observed radio-
graphically (Shih et al., 1992) and granulomas can be visualized
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on CT as subpleural nodules surrounded by areas of ground-glass
opacity merging with areas of consolidated lung (Cui et al., 2011).
Although we observed similar granulomas grossly and microscop-
ically, the small size of rats might have compromised our ability to
visualize these changes on CT. Also, we used a human 16 slice
scanner rather than a microCT specifically designed for rodents
(Clark and Badea, 2014).

In rats with lungworm disease, the caudal lobar pulmonary
arteries were enlarged on CT images. This was considered a con-
sequence of worm burden in the lumen of the pulmonary arteries,
plus the associated thrombosis, causing dilatation proximally.
Microscopically, there was concurrent thickening of the pulmon-
ary arterial walls attributable to trauma from the movements of
the worms, as reported (Lee et al., 1996; Chikweto et al., 2009;
Garcia et al., 2014). Segmental pulmonary arterial dilatation was
confirmed at necropsy, with the dilated segments containing
knots of tangled, coiled worms. Pulmonary arterial enlargement,
wall thickening and segmental dilatation have not been reported
in humans, which may reflect lower relative worm burdens in
the pulmonary arteries of accidental hosts, compared to the
definitive host.

During the echocardiographic examinations, portions of worm
profiles could sometimes be visualized in the right ventricular
outflow tract just below the pulmonary valve or straddling either
the pulmonary or tricuspid valves. Transverse profiles were likely
multiple cross-sections of a single coiled worm. This differs from
the typical location of worms observed following euthanasia at
necropsy, with only one worm found in the right ventricle of a
single rat. Remaining worms were found in the distal caudal
lobar pulmonary arteries. Under normal physiological conditions,
worms likely stay within the pulmonary arteries due to outward
blood flow (away from the heart), or to avoid hostile intracardiac
haemodynamics and the detrimental effects one or more worms
straddling the pulmonary valve would have on the host (Paul
Prociv, personal communication). It is possible that reduced car-
diac output due to prolonged isoflurane anaesthesia caused
worms in some rats to ‘fall back’ from the pulmonary arteries
towards the right ventricle, allowing them to be visualized using
echocardiography. However, anaesthetising rats with midazo-
lam/ketamine, a combination thought to better maintain normal
cardiac output than isoflurane, followed by varying the inspired
concentration of isoflurane, did not reveal more worms.
Alternatively, pentobarbitone or midazolam/ketamine used to
euthanise the rats might have paralysed or killed the worms, caus-
ing them to embolize to the distal branches of the pulmonary
arteries. In rats euthanized with CO,, adult A. cantonensis
worms remain viable and can be found in the right ventricle, at
the pulmonary valve, and within the proximal or distal pulmon-
ary arteries (Chris Niebuhr, personal communication). Further
research to experimentally determine the physiological location
of the worms is warranted. As worms could not be visualized in
every infected rat investigated, we would not recommend this
technique as a definitive diagnostic test for wild or pet rats sus-
pected of having A. cantonensis infection.

Pulmonary hypertension is likely to develop due to increased
pulmonary vascular resistance attributable to adult worms, their
eggs and thrombi in pulmonary arteries and arterioles. No evi-
dence of overt heart chamber enlargement or congestive heart
failure was observed from radiography, echocardiography or
gross examination at necropsy, and no free fluid was observed
in either the thoracic or abdominal cavities.

Considering the extensive lesion distribution throughout the
lung parenchyma and loss of normal tissue architecture, it is per-
haps surprising that infected rats did not exhibit clinical signs of
respiratory compromise such as tachypnoea, dyspnoea, cyanosis
or other evidence of impaired blood haemoglobin oxygen
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saturation due to ventilation-perfusion mismatch. Possible expla-
nations for sufficient oxygenation in the face of the severe pul-
monary disease include the low oxygen demand of a sedentary
lifestyle and a large respiratory reserve which could be due to
selection pressure from the high prevalence of polymicrobial
respiratory infections in wild rats (Rothenburger et al., 2015).
Further studies measuring oxygen saturation in infected rats dur-
ing various levels of treadmill activity would be required to better
characterize cardiorespiratory dysfunction.

Haematological changes observed were generally mild, with
the inflammatory leukogram found in many rats likely reflecting
a systemic inflammatory response to the extensive granulomatous
inflammation affecting a large portion of the lung parenchyma,
with metazoan organisms releasing many antigenic excretory pro-
ducts. Hyperproteinemia and specifically hyperfibrinogenemia
seen in all rats tested probably reflected chronic inflammation,
as fibrinogen is an acute phase reactant in the rat. Monocytosis
could be due to increased demand for macromolecular phagocyt-
osis of eggs and L; in the pulmonary alveoli. These changes
accord with those reported by Garcia et al., 2014, although we
did not observe the regenerative anaemia or thrombocytopenia
seen in rats from 3-8 and 6-8 weeks post-infection, respectively.
These differences could reflect the chronicity of infection in our
rats (10-12 months post-infection). Haematological changes did
not differ significantly between rats with patent and resolved
infections, which might be due to on-going pneumonia in the
later despite the loss of intact adult worms, eggs and larvae.
This is supported by histopathological findings suggestive of
interstitial pneumonia in the rat with resolved infection (rat 4).
Interestingly, the peripheral eosinophilia commonly reported in
accidental hosts of A. cantonensis (Lunn et al, 2012;
Sawanyawisuth et al., 2013) does not appear to be a consistent
finding in the definitive host. Hyperfibrinogenemia in most of
our rats likely reflects systemic inflammation, with prolonged
TT secondary to this, possibly due to binding of thrombin to
fibrin or interference with fibrin monomer polymerization by
excess fibrinogen (Carr and Gabriel, 1986).

Limitations of our studies include the potential for
anaesthesia-induced artefacts in our radiologic findings. In add-
ition, the validity of comparing and consolidating findings
between rats might have been impaired by the differing anaes-
thetic protocols. CT images from rats 1 to 2 were of substantially
better quality than those from rats 3 to 4, presumably due to
reduced motion artefact from the slower respiratory excursions
in rats anaesthetised by midazolam/ketamine (compared to
isoflurane).

Despite these limitations, this work provides a comprehensive
description of the pulmonary pathology caused by A. cantonensis
in its definitive host, using a variety of non-invasive and invasive
diagnostic techniques. Our findings are reminiscent of the pul-
monary dysfunction seen in dogs with Angiostrongylus vasorum
infections. A. vasorum in dogs has a similar lifecycle to A. canto-
nensis in rats, although A. vasorum larvae and young adult worms
generally remain in the heart and vasculature rather than travers-
ing the CNS (Koch and Willesen, 2009). Infected lung tissue from
dogs contain multifocal, coalescing, firm, irregularly discoloured
nodules (1-3mm diameter) on the surface of all lung lobes
(Prestwood et al., 1981; Schnyder et al., 2010). These granulomas
consist of viable or necrotic larvae and eggs surrounded by macro-
phages, multi-nucleated giant cells and lymphocytes (Prestwood
et al., 1981; Schnyder et al., 2010). Adjacent lung parenchyma
exhibits thickened alveolar walls due to an inflammatory infiltrate
and pneumocyte hyperplasia, and erythrocytes, haemosidero-
phages, eosinophils and plasma cells are seen within alveolar
spaces (Prestwood et al., 1981; Schnyder et al., 2010). These
changes are evident grossly as regions of consolidation and can
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involve much of the lung (Prestwood et al., 1981; Schnyder et al.,
2010) and manifest radiologically as a multifocal, peripheral, alveo-
lar pattern with air bronchograms (Mahaffey et al., 1981; Boag
et al, 2004; Chapman et al., 2004; Kranjc et al., 2010). On CT,
large nodules merge with consolidated areas of the lung containing
air bronchograms; such lesions occur in all lung lobes surrounded
by rims of ground-glass opacity (Koch and Willesen, 2009; Dennler
et al., 2011).

Pathological changes and radiological findings reported in
dogs with A. vasorum that were not observed in our study of A.
cantonensis in rats include bronchial wall thickening, pleural fis-
sure lines, pleural effusion, fibrous thickening of the pleura,
pleural adhesions and pulmonary lymphadenomegaly (Mahaffey
et al., 1981; Prestwood et al., 1981; Boag et al., 2004; Chapman
et al., 2004; Kranjc et al., 2010; Schnyder et al., 2010; Dennler
et al, 2011), likely reflecting pathophysiological differences
between the two parasites. Similar to rats infected with A. canto-
nensis, pulmonary arteries in dogs with A. vasorum can have
thickened walls and contain thromboses, often containing larvae
and eggs (Prestwood et al., 1981; Schnyder et al, 2010). In
dogs, enlarged pulmonary arteries are evident on radiographs,
and luminal filling defects representing thrombi and/or larvae
can be observed with non-selective CT-angiography (Dennler
et al., 2011). In our investigations, the limited resolving power
of the human imaging equipment used may have made such
changes indiscernible.

In dogs, mature A. vasorum worms are not detectable in the
heart or pulmonary arteries using echocardiography (Nicolle
et al., 2006; Kranjc et al., 2010), presumably because worms coil
in the terminal pulmonary arterial branches which are not access-
ible for ultrasound evaluation. Reported changes on echocardiog-
raphy include pulmonary hypertension, right atrial and
ventricular dilation, dilated pulmonary trunk, tricuspid and pul-
monary valve insufficiencies and changes in pulmonary flow pro-
files using a spectral Doppler (Nicolle et al., 2006; Kranjc et al.,
2010; Helm and Morgan, 2017). It is interesting that such changes
indicative of right-sided heart failure were not observed in our
infected rats.

In contrast to A. cantonensis in rats, dogs infected with A.
vasorum can show thrombocytopenia, prolonged PTT, aPTT
and one-stage prothrombin time (OSPT), reduced factor V and
VIII activity, and elevated D-dimer concentration (Cury et al.,
2002; Chapman et al., 2004; Koch and Willesen, 2009; Schnyder
et al., 2010; Adamantos et al., 2015). These changes suggest low-
grade disseminated intravascular coagulation (DIC) resulting in a
consumptive coagulopathy (Stokol, 2003; Wiinberg et al., 2010;
Adamantos et al, 2015). Fibrinogen can be increased or
decreased, presumably due to systemic inflammation, or DIC,
respectively (Adamantos et al., 2015). DIC may cause the bleeding
diatheses seen in 60% of infected dogs (Ramsey et al., 1996;
Adamantos et al., 2015). Alternatively, a primary coagulation
defect could be responsible, as PTT and aPTT can be normal
with haemorrhage (Adamantos et al, 2015). It is possible that
the lack of evidence for DIC or a consumptive coagulopathy in
our studies could reflect pathophysiological differences between
A. cantonensis in rats and A. vasorum in dogs, although further
sampling from rats infected with larger burdens of A. cantonensis
would be informative.

Concluding remarks

Firstly, characteristic radiological findings of A. cantonensis infec-
tions in rats allows the disease in its definitive host to be studied
non-invasively. Further, it provides a comparative model for lung
disease in its accidental hosts, such as humans and dogs.
Secondly, visualization of worms with echocardiography could
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allow the physiological location of the worms in situ to be studied
further. Thirdly, because there is a great deal of interest in disease
due to A. vasorum in dogs in Europe and the UK, rats infected
with A. cantonensis appear to be a potential laboratory model
with similar (but not identical) clinical, radiological and haemato-
logical findings. This suggests similar pathophysiologic mechan-
isms for these closely related metastrongylid parasites and
might allow the extrapolation of some findings from rats to
dogs. Finally, although the diagnosis of patent A. cantonensis
infection in a pet rat is most easily obtained by examination of
feces for L, (using Baermann apparatus), thoracic radiographs,
CT and echocardiography all have a potential role in the assess-
ment of the severity of the infection, which may impact the thera-
peutic approach to case management.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0031182020001420
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