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Swine-origin influenza A (H1N1) was first reported as a newly 
emerging virus in Mexico in April 2009.7The virus rapidly spread 
worldwide and in June 2009 was categorized as pandemic (level 
6) by the World Health Organization.21,22 The clinical manifesta-
tions of the disease in humans include fever, sore throat, vomit-
ing, diarrhea, cough, chills, pneumonia, acute respiratory distress 
syndrome, and, in some cases, death.6,7 During the recent pan-
demic, we acquired 3 newly emerging isolates of swine-origin 
H1N1 influenza virus: A/Mexico/InDRE4487/2009 (MEX4487), 
A/California/4/2009 (CA04), and A/Mexico/4108/2009 
(MEX4108). MEX4487 was isolated by bronchial aspiration of a 
26-y-old man from a family cluster of 3 confirmed severe cases 
in Mexico. 12 MEX4108 was isolated from a 4-y-old mildly ill boy 
from Vera Cruz, Mexico, and CA04 was a clinical isolate from a 
10-y-old moderately ill boy from California.8 Both MEX4108 and 
CA04 were obtained from the United States’ Centers for Disease 
Control and Prevention, Influenza Branch. Our hypothesis was 
that the newly emerging swine-origin influenza virus isolates 
would result in more severe clinical symptoms than would the 
circulating influenza A virus A/Kawasaki/UTK4/2009 (KAW) 
and that differences in disease severity would be evident by tho-
racic radiographic evaluation. We were interested in evaluating 
the efficacy of a numeric radiographic scoring system as a tool for 

characterizing the differences between groups of cynomologus 
macaques infected with different influenza isolates and in dem-
onstrating that, because of current digital technology, thoracic 
radiographic evaluation is practical and should be considered 
for studies involving respiratory disease as a component of the 
animal model.

Thoracic radiography is commonly used as a noninvasive diag-
nostic modality in human and veterinary clinical medicine. The 
technique is used to evaluate both cardiac and noncardiac thorac-
ic structures.14,20 During the recent pandemic influenza outbreak, 
diagnostic radiology reportedly was used for 30% of all patients 
with known or presumed influenza (H1N1) infection and that the 
6% of patients that required ICU stays received an average of 33.5 
thoracic radiographic studies during the course of treatment.18 
Characteristic imaging findings in human patients infected with 
swine-origin influenza A (H1N1) include ‘ground glass’ opacities, 
consolidation, and nodular opacities with frequent bilateral lung 
involvement.4

Efforts to refine rodent and nonrodent animal models of in-
fectious diseases and maximize information relative to human 
clinical disease are an important component of investigating the 
pathogenesis of viral infection and developing clinical interven-
tions. Newly emerging swine-origin H1N1 influenza virus iso-
lates induce pneumonia and pathologic changes characteristic 
of its viral etiology as part of the clinical disease process.11 The 
purpose of the current study is to determine whether thoracic 
radiography can be used objectively to determine radiographic 
differences between groups of cynomologus macaques infected 
with different strains of newly emerging H1N1 influenza virus 
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evaluation of complete blood count, serum chemistry, negative 
influenza serology, and baseline thoracic radiography.

Infection. The animals were inoculated with either a cur-
rently circulating influenza virus A (KAW; n = 6) or 1 of 3 newly 
emerging swine-origin isolates (MEX448, n = 6; CA04 n = 6; and 
MEX4108, n = 9) from the recent H1N1 pandemic. All isolates 
were grown on MDCK cells, harvested at a cytopathogenic effect 
of 3+ (greater than 70% cells were rounded off and detached) for 
virus stock preparation, and titrated by using a TCID50 assay on 
MDCK cells. The macaques were inoculated under anesthesia 
(10 mg/kg ketamine IM) with 7 × 106 TCID50 through a combina-
tion of intratracheal (total volume, 4 mL), oral (total volume, 1 
mL), intranasal (0.5 mL per nostril), and intraocular (0.5 mL per 
eye) inoculation. The oral, intranasal, and intraocular inocula-
tions were done with the animal in dorsal recumbency. A feeding 
tube (2.7 mm × 41 cm, Argyle, Coviden, Mansfield, MA) was used 
for intratracheal inoculation. Once the tube was placed with the 
macaque in dorsal recumbency, the animal was raised into an up-
right (sitting) position before delivery of the inoculum. All work 
with the swine-origin isolates was performed under enhanced 
ABLS3 conditions (Rocky Mountain Laboratories, Division of 
Intramural Research, National Institute for Allergy and Infectious 
Diseases, NIH).

and to demonstrate the value of this noninvasive clinical tool as a 
methodology for evaluation of disease severity, progression, and 
resolution.

Materials and Methods
Animals. All subjects were healthy adult (13 male, 14 female) 

cynomolgus macaques (Macaca fascicularis) ranging from 4 to 15 y 
of age (average, 6.9 y) and weighing between 2.1 and 8.7 kg (av-
erage, 4.7 kg). The animals were housed according to regulations 
and recommendations detailed in the Animal Welfare Act, Public 
Health Service and NIH Animal Care and Use policies, and the 
Guide for the Care and Use of Laboratory Animals.3,10,13 The macaques 
were housed individually in standard nonhuman primate cag-
ing (Primate Products, Immokalee, FL) and fed a commercial 
nonhuman primate diet (Purina 4047, High-Protein Jumbo Bis-
cuits, PMI Nutrition International, St Louis, MO) twice daily. The 
diet was supplemented with fruit at each feeding. The room was 
maintained on a 12:12-h light:dark cycle with lights on at 0600. 
This study was performed at an AAALAC -accredited institution 
with IACUC approval. Prior to the beginning of the study, all 
macaques were classified healthy according to physical exam and 

Figure 1. Clinical scoring system used to determine humane endpoints in potentially lethal infectious disease models of nonhuman primates. A total 
clinical score of 35 indicates the need to relieve pain or distress through clinical intervention or euthanasia.
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Statistical evaluation. The average radiographic score for each 
group of animals was determined by using JMP software (version 
7, SAS, Cary, NC), and the statistical significance of any difference 
was calculated by using the exact Kruskal–Wallis test, followed 
by pairwise comparisons to the control group infected with a cur-
rently circulating seasonal influenza virus (KAW) by using the 
Wilcoxon rank sum test (StatXact version 7, Cytel Studio, Cam-
bridge, MA). A one-sided α level of 0.05 was used to determine 
significance.

Results
The clinical presentation of macaques infected during the study 

ranged from undetectable disease to moderate disease, according 
to the clinical scoring system (Figure 2). Common clinical findings 
included increased body temperature, decreased food and water 
consumption with corresponding decreases in urine and feces 
production, and increasing respiratory rates of varying sever-
ity. The KAW-infected animals showed mild decreases in food 
consumption but displayed no additional clinical symptoms. The 
remaining 3 groups demonstrated varying degrees of anorexia 
and increases in respiratory rate, with the group infected with 
MEX4478 having the highest overall averages for clinical score. 
Complete blood chemistry and clinical analysis were performed 
at each radiographic evaluation for all groups and were charac-
terized by an initial mild to moderate transient lymphopenia and 
unremarkable clinical chemistry parameters (data not shown). 
No macaques in the study groups had a clinical presentation that 
necessitated euthanasia, although animals were euthanized at 
predetermined time points as part of a larger pathogenesis evalu-
ation.

The severity of radiographic lesions associated with infection 
ranged from very mild in KAW-infected macaques to severe in 
those infected with MEX4108, MEX4487, and CA04. Right lateral 
and ventrodorsal baseline radiographs obtained before infection 
were compared with corresponding radiographs at day 6 after 
infection with the respective influenza isolates (Figure 3). The vet-
erinary radiologist determined that all baseline radiographs were 
normal examinations (grade 0), with no radiographic changes 
associated with respiratory infection. On day 6 after infection, 
the radiographic interpretation for KAW-infected animals also 
was evaluated as normal, indicating no radiographically ap-
parent disease. The MEX4108 isolate was characterized at day 
6 after infection as causing grade 3 changes with right middle 
lung lobe interstitial infiltrate and consolidation, which included 
ventral aspects of the lung field and right cardiac border efface-
ment. MEX4487 day 6 after infection radiographs were scored as 
having grade 3 changes described as bilateral middle and caudal 
lung lobe consolidation. CA04 day 6 postinfection was scored as 
grade 3 changes described as severe progressive pneumonia with 
right middle, right cranial, and caudal lung consolidation with a 
middorsal distribution. Macaques infected with MEX4108 and 
MEX4487 demonstrated peak radiographic changes at day 6. For 
macaques infected with CA04, the severity of these lesions con-
tinued to progress and peaked by day 8 after infection. We found 
that interstitial infiltration was present in 16% (1 of 6) of the KAW-
infected macaques, 67% (4 of 6) in each group of CA01- and MEX 
4108-infected animals, and 89% (8 of 9) of the MEX4487-infected 
macaques.

The radiographs allowed for evaluation of onset, progression, 
and resolution of radiographic lesions associated with each of 

Radiography. A mobile digital radiography unit with a flat-
panel digital detector (Sound Technologies tru/Dr, Sound-Eklin 
Carlsbad, CA) was used for obtaining thoracic radiographs. The 
unit is equipped with a portable X-ray generator (model PXP-HF, 
Poskom, Korea). The system operates on a veterinary-specific 
software system (Vetpacs Sound-Eklin). The platform for acquir-
ing images is a modified standard cart (Rubbermaid, Fairlawn, 
OH). Modifications included a pair of locking wheels that can 
swivel. The surface of the cart is covered by a custom molded 
acrylic top that allows for both disinfection of the work surface 
and protection of the flat-panel digital detector. The macaques 
were positioned for ventrodorsal radiography by using a polycar-
bonate V-shaped thoracic positioner. Thoracic radiographs were 
acquired from ketamine-anesthetized macaques on days 0, 1, 3, 
6, 8, 11, and 14 after infection. Radiographic views acquired in-
cluded ventrodorsal, right lateral, and left lateral thoracic images 
at peak inspiration. The work surface was surface decontami-
nated (Clidox, Pharmacal, Naugatuck, CT) after each use. The 
digital images were interpreted and assigned a numeric score (0 
to 3, according to increasing severity) by a veterinary radiologist 
certified by the American College of Veterinary Radiology who 
was blinded to the study design. A score was assigned to each set 
of radiographs (ventrodorsal, right lateral, and left lateral) at each 
time point. Radiographs were evaluated and scored according to 
the following criteria: 0, normal examination; 1, mild interstitial 
pulmonary infiltrates; 2, moderate interstitial infiltrates, perhaps 
with partial cardiac border effacement and small areas of pulmo-
nary consolidation (alveolar patterns and air bronchograms); and 
3, pulmonary consolidation as the primary lung pathology, seen 
as a progression from grade 2 lung pathology.

Clinical assessment. The health status of the macaques was 
evaluated through daily visual assessment and physical examina-
tions. A numeric scoring system was used to assign a daily clini-
cal score to each animal. The scoring system included numeric 
values for the following parameters: posture (0 to 5), respiration 
(0 to 10), feces and urine production (0 to 10), recumbency (0 to 
35), attitude (0 to 5), and evaluation of skin and fur coat (0 to 10; 
Figure 1). Complete physical exams were performed each time 
the animals were anesthetized for radiographic evaluation. A nu-
meric score of 35 or greater was predetermined to serve as an 
endpoint criterion and justification for euthanasia.

Figure 2. Average clinical score of cynomologus macaques infected with 
circulating A/Kawasaki/UTK4/2009 (KAW) or swine-origin Mexi-
co/4108/2009 (MEX4108), A/Mexico/InDRE4487/2009 (MEX4487), or 
A/California/4/2009 (CA04) H1N1 isolates.
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Figure 3. Ventrodorsal and left lateral thoracic images of cynomologus macaques at baseline and day 6 after infection with circulating A/Kawasaki/
UTK4/2009 (KAW) or swine-origin Mexico/4108/2009 (MEX4108), A/Mexico/InDRE4487/2009 (MEX4487), or A/California/4/2009 (CA04) H1N1 
isolates.
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the 4 influenza isolates. Figure 4 shows ventrodorsal radiographs 
from a representative macaque infected with CA04, over the time 
course of the study. The baseline radiograph was scored as grade 
0. On day 1, the right cranial, middle, and caudal lung lobes 
showed interstitial and alveolar infiltrate primarily in the peri-
hilar region. By day 3 after viral exposure, there is evidence of 
moderate progressive left middle and caudal lung infiltrates, pri-
marily perihilar but with mild ventral consolidation. Radiographs 
taken on days 6 and 8 after infection show progressive right and 
left lung consolidation with complete cardiac border effacement. 
Multiple air bronchograms are present both bilaterally and ven-
trally. Day 11 of infection is characterized by partial resolution 
of consolidation; however, interstitial infiltrates remain evident 
bilaterally. By day 14 after infection, there was continued resolu-
tion to changes described as diffuse mild interstitial infiltrates.

Average radiographic scores were compared between the 
KAW-infected group and each of those infected with the swine-
origin emerging influenza viruses MEX4487, CA04, or MEX4187 
isolates (Figure 5). A numeric score on a scale of 0 to 3 based on 
severity of radiographic changes was assigned to each set of ra-
diographs (ventrodorsal, right lateral, and left lateral). The circu-
lating KAW virus led to only minor radiographic change on day 
1 after infection, and no detectable changes from baseline were 
noted throughout the remaining time points. Both MEX4487 and 
MEX4108 yielded similar patterns of radiographic changes, and 
differences were not statistically significant. Both MEX4487 and 
MEX4108 caused detectable radiographic changes on day 1 after 
inoculation, and peak radiographic changes were observed on 
day 6 postinfection. After the peak scores on day 6, both MEX4487 
and MEX4108 were characterized by a decreasing radiographic 
scores that returned to baseline, indicating resolution of detect-
able clinical disease by day 14 after inoculation. The CA04 isolate 
led to the highest average radiographic score at all time points. 
The onset of radiographic changes occurred on day1, and the 
peak radiographic score was on day 8 after infection. Thereafter, 
CA04 showed a trend of decreasing radiographic scores to day 

Figure 4. Ventrodorsal thoracic radiographs (baseline through day 14 
after infection) of a cynomologus macaque infected with A/Califor-
nia/4/2009. Radiographically the infection was characterized by pro-
gressive interstitial and alveolar infiltrate with peak severity on day 6 
and day 8 and followed by resolution of radiographic changes.

Figure 5. Radiographic score (mean ± SE) for groups of animals in-
fected with A/Kawasaki/UTK4/2009 (KAW) or the swine-origin Mex-
ico/4108/2009 (MEX4108), A/Mexico/InDRE4487/2009 (MEX4487), or 
A/California/4/2009 (CA04) H1N1 isolates. Grade 0, normal examina-
tion; grade 1, mild interstitial pulmonary infiltrates; grade 2, moderate 
interstitial infiltrates perhaps with partial cardiac border effacement and 
small areas of pulmonary consolidation (alveolar patterns and air bron-
chograms); and grade 3, pulmonary consolidation as the primary lung 
pathology, seen as a progression from grade 2 lung pathology.
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14 after inoculation; the radiographic score had not returned to 
baseline by day 14.

Statistical evaluation of the average radiographic scores for 
days 0 through 6 for each monkey was accomplished by the use 
of an exact Kruskal–Wallis test. The P value from this exact test 
was 0.001, suggesting a significant and substantial difference 
between the average scores of the groups. Because the working 
hypothesis was that the pandemic H1N1 viruses would result 
in more severe disease and subsequent radiographic changes, 
pairwise comparisons of KAW with MEX4108, MEX4487, and 
CA04 were performed by using Wilcoxon rank sum tests. The 
resulting one-sided P values of 0.012, 0.029, and 0.029, support 
the theory that each of the new isolates MEX4108, MEX4487, and 
CA04 resulted in radiographic changes that were significantly 
different from those associated with the previously circulating 
KAW influenza strain.

Discussion
The clinical presentation of the infected macaques was consis-

tent with the radiographic findings. Although the average clinical 
scores of the 4 groups did not differ significantly, they were con-
sistent with the assigned radiographic scores. The KAW-infected 
animals showed minimal evidence of clinical disease and had the 
lowest average radiographic score of the 4 groups. The MEX4108-
infected group was characterized by relatively mild clinical symp-
toms and demonstrated higher average radiographic scores than 
did the KAW-infected group. Macaques infected with CA04 and 
MEX4487 demonstrated the highest average radiographic and 
clinical scores. In general, we noted that across all groups, a pat-
tern of decreasing clinical score corresponded with resolution of 
radiographic changes.

The radiographic findings from the cynomolgus macaque 
model were consistent with those reported from radiographic and 
computer tomographic studies of humans infected with swine-
origin influenza virus. The most commonly reported imaging 
finding among humans was unilateral or bilateral ground-glass 
opacities with or without associated focal or multifocal consolida-
tion.1,2,4 In the cited studies, ground-glass opacity was defined as 
hazy areas of increased opacity without obstruction of underly-
ing vessels or structures. This definition correlates with what we 
describe as interstitial infiltration or opacity in the current study. 
This interstitial infiltration often progressed to areas of consolida-
tion in macaques infected with the strains of newly emerging 
influenza virus. In addition, air bronchograms could be detected 
in one-third of human patients in another study,4 and midlung 
areas were the most frequently affected. These findings also were 
common in our macaque model of swine-origin H1N1 infection.

The results of the present study demonstrate that time-course 
thoracic radiographs have scientific value as a noninvasive re-
finement methodology for evaluation of an emerging respiratory 
pathogen. Although film-based radiography has been imprac-
tical for research applications that required the acquisition of 
multiple radiographs from large numbers of research subjects, 
recent advances in the technology associated with digital radi-
ography and the increased availability of the equipment have 
created new opportunities for biomedical research applications. 
Refinement of research methodologies is an underlying principle 
in the use of animals as research subjects in biomedical investiga-
tions. Maximizing the amount of valuable information from any 
given experiment is an essential component of the ‘3Rs’ concept 

of replacement, reduction, and refinement.17 In the current radio-
graphic study, we were able to use an additional tool to show the 
statistically significant differences in radiologic changes associ-
ated with active disease of 4 different strains of H1N1 influenza 
viruses. We were able to characterize the onset of disease as well 
as peak severity and partial to complete resolution of radiograph-
ic changes and to make correlations to clinical presentations.

Many newly emerging pathogens with significant human 
health implications, including Hendra virus, Nipah virus, SARS 
coronavirus, and influenza viruses, have the potential for respira-
tory disease as component as part of the clinical progression. 5,15,19 
Animal models are being developed and used to further charac-
terize the pathogenesis, pathophysiology, and potential treatment 
strategies for these diseases. 9,16 Although more advanced imaging 
modalities, including MRI and positron-emission tomography–
computerized tomography combinations, are being used in var-
ious aspects of biomedical research, the increased availability of 
digital radiographic units makes this option potentially attractive. 
Thoracic radiologic evaluation is a simple, cost-effective, and of-
ten overlooked tool for further characterizing disease processes 
in animal models.
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