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ABSTRACT Marburg virus (MARV) is a highly virulent zoonotic filovirid that causes
Marburg virus disease (MVD) in humans. The pathogenesis of MVD remains poorly
understood, partially due to the low number of cases that can be studied, the absence
of state-of-the-art medical equipment in areas where cases are reported, and limita-
tions on the number of animals that can be safely used in experimental studies under
maximum containment animal biosafety level 4 conditions. Medical imaging modal-
ities, such as whole-body computed tomography (CT), may help to describe disease
progression in vivo, potentially replacing ethically contentious and logistically challeng-
ing serial euthanasia studies. Towards this vision, we performed a pilot study, during
which we acquired whole-body CT images of 6 rhesus monkeys before and 7 to
9 days after intramuscular MARV exposure. We identified imaging abnormalities in the
liver, spleen, and axillary lymph nodes that corresponded to clinical, virological, and
gross pathological hallmarks of MVD in this animal model. Quantitative image analysis
indicated hepatomegaly with a significant reduction in organ density (indicating fatty
infiltration of the liver), splenomegaly, and edema that corresponded with gross path-
ological and histopathological findings. Our results indicated that CT imaging could be
used to verify and quantify typical MVD pathogenesis versus altered, diminished, or
absent disease severity or progression in the presence of candidate medical counter-
measures, thus possibly reducing the number of animals needed and eliminating serial
euthanasia.

IMPORTANCE Marburg virus (MARV) is a highly virulent zoonotic filovirid that causes
Marburg virus disease (MVD) in humans. Much is unknown about disease progression
and, thus, prevention and treatment options are limited. Medical imaging modalities,
such as whole-body computed tomography (CT), have the potential to improve under-
standing of MVD pathogenesis. Our study used CT to identify abnormalities in the liver,
spleen, and axillary lymph nodes that corresponded to known clinical signs of MVD in
this animal model. Our results indicated that CT imaging and analyses could be used
to elucidate pathogenesis and possibly assess the efficacy of candidate treatments.

KEYWORDS Marburg virus, computed tomography, filovirus, medical imaging, viral
pathogenesis

Marburg virus (MARV) and Ravn virus (RAVV) are zoonotic filovirids that cause
Marburg virus disease (MVD) in humans. MVD is a rare acute infectious disease

associated with an average case fatality rate of 81% (1, 2). Over the last 55 years,
there have been 16 known outbreaks of MVD worldwide (499 MARV cases, including
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398 deaths; 3 RAVV cases, including 2 deaths). Almost all cases occurred in or originated
from arid woodlands in eastern, central, and southern Africa, but recent individual cases
in Equatorial Guinea, Ghana, and Guinea indicate an even broader distribution (1, 3–5).
The only information on the clinical presentation of MVD comes from a few case reports
from early outbreaks in West Germany and Yugoslavia (6–19), several individual case
studies (20–27), and scant descriptions of more recent cases (28–30). Although these
accounts suggest that the clinical presentation of MVD overlaps with more-well-charac-
terized Ebola virus disease (31, 32), there are still major gaps in the understanding of dis-
ease transmission, natural history, and the host-pathogen determinants of severe disease
and lethality. This information is crucial to help prevent and treat this severe condition
beyond the supportive care measures used in outbreak settings.

Because of gaps in the description of MVD in humans, animal models have been
necessarily leaned upon for characterizing MARV infection and disease and to evaluate
the efficacy of virus-targeted or specific disease-targeted candidate medical counter-
measures (MCMs). Nonhuman primates (NHPs) serve as the preferred animal model for
MVD (2). Experimental exposure of crab-eating macaques and rhesus monkeys to
MARV, usually by intramuscular inoculation, results in severe disease and almost uni-
form lethality, with clinicopathological features similar to human MVD (33, 34). Both
models have been used to evaluate candidate MCMs (35–40), with small molecules
(favipiravir [41], galidesivir [42], and remdesivir [43]) tested in crab-eating macaques
and therapeutic antibodies tested in rhesus monkeys (44, 45). Most recently, combina-
tion therapy with a MARV-specific monoclonal antibody and remdesivir was able to
rescue NHPs at 6 days after exposure (versus each therapeutic alone), providing an im-
portant proof of concept in this model (46).

However, studies of MVD (and filovirid diseases in general) in NHPs are hampered
by significant financial, logistical, and safety challenges and are associated with ethical
concerns (47). In addition, in vivo disease readouts of filovirus-exposed NHPs have
been mainly limited to clinical assessments and clinical sample analyses. The evalua-
tion of disease-specific and organ-specific pathophysiology has mostly been confined
to ex vivo histopathological and ultrastructural investigations, with some studies exam-
ining viral titers, gene expression, evaluation of local immune processes, proteomics,
and metabolomics. Such an approach is useful to establish the “ground truth” of organ
damage, but it is expensive and labor-intensive, as in-depth characterization in a typi-
cal natural history study requires serial euthanasia of NHPs at different time points after
virus exposure. Compelled by a desire to minimize the overall number of NHPs used,
there is a need to develop and validate efficient noninvasive in vivo experimental tools
to read out disease-related organ involvement and shed light on and address critical
questions about MVD pathogenesis and assess the efficacy of candidate MCMs.

In many disciplines, including the study of infectious diseases, in vivo imaging is gaining
interest as a tool to noninvasively monitor disease course and treatment efficacy in animal
studies and human clinical trials (48–50). High-resolution computed tomography (CT) imag-
ing, with or without injection of contrast media, can augment clinical, laboratory, and gross
and histological pathology assessments during disease progression by providing quantita-
tive readouts of organ morphology to identify and characterize structural and functional
changes (such as texture, radiodensity, organ size, occurrence of focal lesions, and vascular
perfusion). In the case of MVD, in vivo CT imaging may offer complementary information to
standard clinical laboratory biomarkers (mainly of liver and/or kidney dysfunction) and could
potentially replace gross and histological pathology (35, 37–39, 51, 52) at time points prior
to the terminal time point, once data are appropriately bridged and established as cross-
predictive.

In this study, we used whole-body CT imaging to investigate the temporal course of
disease in MARV-exposed rhesus monkeys, with a focus on the liver and spleen, two
key organs in the pathophysiology of MVD. We qualitatively and quantitatively com-
pared imaging results to corresponding virological, biochemical, and gross and micro-
scopic pathological findings. Our results indicated that CT imaging could be used in
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the optimal future to verify and quantify typical MVD-specific organ changes that can be
longitudinally measured and serve as proxy of histopathologic disease, enabling evalua-
tion of natural history and of candidate MCMs without the need for serial euthanasia.

RESULTS

In this study, we conducted noninvasive in vivomedical imaging with CT to monitor
qualitative and quantitative changes in organ structure in 6 rhesus monkeys exposed
to MARV via intramuscular (i.m.) inoculation. CT imaging was performed 3 times before
virus exposure (within 3, 2, and 1 week of exposure) to assess reliability of the imaging
readouts at baseline. A fourth CT scan was performed on the day that animals met cri-
teria for euthanasia (terminal day). (See Fig. 1 for an overview of the study design.) A
total of 24 CT imaging sessions occurred during the entire study. As previously
reported (53), before and after exposure (including at euthanasia), blood samples were
drawn for virological and biochemical analyses and complete blood cell counts. After
euthanasia, necropsies were performed, gross pathology was evaluated, and collected
tissues were processed for histopathological analyses, including MARV immunohisto-
chemistry (IHC) and in situ hybridization (ISH). Transmission electron microscopy of tis-
sue samples was also performed.

Qualitative CT imaging findings. Qualitative analysis of non-contrast-enhanced CT
imaging after MARV exposure revealed abnormalities in the liver, spleen, and axillary lymph
nodes at the time of euthanasia. All monkeys had hepatomegaly, splenomegaly, and marked
reduction in liver and spleen density (measured in Hounsfield units [HU]), compared to base-
line scans. CT images also revealed enlargement of axillary lymph nodes ipsilateral to the
brachium of virus inoculation with diffuse infiltration of axillary fat. Fat, expected to be pres-
ent under normal circumstances within the axilla, was absent on the day of euthanasia in
the axillary lymph nodes ipsilateral to the brachium where virus inoculation occurred. In all
monkeys, the mean attenuation of the axillary lymph nodes ipsilateral to the brachium of vi-
rus inoculation increased on average �35 HU, and the mean attenuation of the axillary
lymph nodes contralateral to the brachium of virus inoculation was �25 HU. This finding
was consistent with those previously reported for filovirus infections in NHPs (54). While
there were slight visual differences, in all monkeys, the volume of the axillary lymph nodes
contralateral to the brachium of virus inoculation was not notably changed from the corre-
sponding baseline volumes. In 5 of 6 monkeys, signs of moderate to severe hemorrhage
and mild to severe lymphoid depletion were present in the axillary nodes ipsilateral to the
brachium of virus inoculation. Moderate edema in the adjacent soft tissue was present in 2
of the monkeys, and signs indicative of possible lymphoid degeneration were present in 3
of the monkeys (Fig. 2A and B). In one monkey, CT imaging after MARV exposure revealed
changes that appeared to be consistent with acute pancreatitis (Fig. 2C and D); in others,
severe edema of the pancreas, ascites, abdominal distension, and mesenteric edema were
observed. An overall summary of CT imaging findings on the day of euthanasia is presented
in Table 1.

Quantitative CT imaging measurements. To quantify noninvasive disease read-
outs, we first analyzed organ volume and density data derived from CT imaging of the
liver (Fig. 3) and spleen (Fig. 4). The absence of meaningful differences in volume or

FIG 1 Study design. A total of 6 rhesus monkeys were imaged 21, 14, and 7 days prior to and on the day of
euthanasia after MARV exposure. MARV, Marburg virus; CT, computed tomography; BL, baseline; DE, day of
euthanasia.
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radiodensity across the 3 baseline images indicated reproducibility of the imaging method.
Quantitative analysis revealed significant enlargement (hepatomegaly) (Fig. 3B) (P , 0.001)
and decreased radiodensity (Fig. 3C) (P , 0.001) of the liver in MARV-exposed monkeys
compared to baseline. Additionally, splenic enlargement (splenomegaly) (Fig. 4B) (P, 0.001)
and decreased radiodensity (Fig. 4C) (P , 0.001) were observed on the day of euthanasia
compared to baseline.

Hematology, serum chemistry, and assessment of viremia. Clinical chemistry,
hematology, virology, and some focused pathology data from this study have been
previously published (53). Notably, all MARV-exposed animals were highly viremic, as
demonstrated in plasma by plaque assay and real-time reverse transcription PCR.
Clinical chemistry abnormalities were consistent with those previously reported for
MARV-exposed rhesus monkeys (38, 53, 55, 56), indicating reduced hepatic function
and hepatocellular injury or necrosis. As in previous studies (38, 53, 55, 56), increased
levels of several cytokines and chemokines were detected at terminal stages of disease
in all animals. Concomitant imaging and serum chemistry data were available from the
following time points: 2 weeks before exposure, 1 week before exposure, and on the
day of euthanasia. Correlations of hematological and serum chemistry data with quan-
titative imaging measures (volume and radiodensity) of liver and spleen are shown in
Fig. S1 to S4 in the supplemental material.

Pathology, IHC, and ISH. Gross pathological examination confirmed CT findings of
hepatomegaly, along with fatty changes and focal small hemorrhages. Livers from all mon-
keys were enlarged, and fatty changes, comprised of a yellow color and greasy consistency,

FIG 2 Qualitative CT imaging without contrast (rhesus monkey). (Top) Coronal view of bilateral axillary adenopathy
after exposure to MARV via the intramuscular route. (A) Baseline scan shows normal axillary nodes bilaterally. (B)
Scan on day of euthanasia, 9 days after exposure, shows right axillary adenopathy and diffuse infiltration of axillary
fat (white arrowhead) and left axillary lymphadenopathy (white arrow). (Bottom) Axial views of changes in pancreas
following MARV exposure. (C) Baseline scan shows normal pancreas (encircled with green line) and retroperitoneum.
(D) Scan on day of euthanasia, 8 days after exposure, shows replacement of the area of the pancreas with low-
radiodensity tissue (encircled with green line), which proved to be pancreatic exocrine atrophy at necropsy. BL,
baseline; DE, day of euthanasia.
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were present in 5 of 6 animals. Major histopathological findings in the liver were hepatocel-
lular vacuolization, degeneration, and necrosis (Fig. 5). Vacuolization was diffuse pan-acinar
of the mild glycogen type or of the mild or mild-to-moderate macrovesicular or microvesicu-
lar lipid type. Minimal to mild hyperplasia in Kupffer cells was found in 5 of 6 livers (83.3%).
The semiquantitative liver steatosis score for all monkeys was 3.0 6 0.0 (mean 6 standard
deviation) and consistent across all regions. Radiolucency of all livers (showing a similar
reduction in density from baselines in all monkeys) was consistent with the liver steatosis
scores.

Grossly, the spleen was either mildly (3 of 6) or moderately (3 of 6) enlarged in all
MARV-exposed monkeys, with a friable consistency (consistent with necrosis) in all
organs (Fig. 4); this finding was consistent with previous reports (38, 53, 55, 56).
Splenic histopathology (Fig. S6A to C) was also consistent with previous reports (38,
55, 56). Overall, pathology findings corresponded to the mild or moderate splenomeg-
aly and decreased radiodensity observed by CT imaging.

Consistent with previous studies (38, 53, 55, 56), MARV could be demonstrated in the

FIG 3 Quantitative CT imaging results (rhesus monkey liver). Comparison of baseline scans and those acquired on the
day of euthanasia shows hepatomegaly and decreased radiodensity after MARV exposure. (A) Coronal CT images and 3D
volume renderings of the liver, based on segmentation masks. Regions of interest segmenting the liver (green borders)
were automatically generated using a machine-learning-based algorithm. Data from 3 baseline imaging sessions were
highly reproducible. (B) Changes in liver volume. (C) Changes in liver radiodensity (expressed in Hounsfield units [HU]).
(D) Gross pathology of the liver on the day of euthanasia. The liver was markedly enlarged, with rounded edges, pale
tan-yellow color, and a greasy and friable consistency (lipidosis and necrosis). ns, not significant; DE, day of euthanasia
(8 days postexposure).
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liver and spleen. MARV was identified in hepatocytes and Kupffer cells by transmission
electron microscopy (TEM), IHC, and ISH. IHC staining was particularly prominent in the
splenic red pulp of all the animals.

In general, gross and histopathological characterization of axillary lymph nodes and
surrounding tissues (Fig. S5D and E) supported CT findings. The degree of lymphade-
nopathy, infiltration of axillary fat, and edema observed by CT was consistent with the
level of lymphocyte depletion and necrosis observed on histopathology. MARV infec-
tion was associated with significant lymphoid tissue abnormality, including necrosis of
lymphoid follicles and medulla and widespread proliferation of reticuloendothelial tis-
sue in the lymph nodes, all consistent with previous clinical reports (57). Histology of
the exocrine pancreas showed diffuse and marked atrophy of the acinar cells with
edema of the intervening stroma, and the drop in acini resulted in a condensation of
the small ducts. The remaining acinar cells were small with loss of apical zymogen
granules and vacuolation of the apical cytoplasm (Fig. S5F and G). However, no evi-
dence of pancreatitis was found on histopathology in the animal that had signs of pan-
creatitis by CT imaging.

A summary of gross and histopathological findings from the livers and spleens of
these animals is presented in Table S2.

FIG 4 Quantitative CT imaging results (rhesus monkey spleen). Comparison of baseline scans and those acquired
on the day of euthanasia shows splenomegaly and decreased radiodensity after MARV exposure. (A) Coronal CT
images and 3D volume renderings of the spleen, based on segmentation masks. Regions of interest segmenting
the spleen (green borders) were automatically generated using a machine-learning-based algorithm. Data
from 3 baseline imaging sessions were highly reproducible. (B) Changes in spleen volume. (C) Changes in
spleen radiodensity (expressed as Hounsfield units [HU]). (D) Gross pathology of the spleen on the day of
euthanasia. The spleen was moderately enlarged, with rounded edges and a friable consistency. ns, not
significant; DE, day of euthanasia (8 days postexposure).
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DISCUSSION

Multimodality imaging readouts can be leveraged to provide organ-level informa-
tion on changes in morphology and function during the natural history of diseases
caused by high-consequence pathogens, such as MVD, included here in an animal
model of disease. Moreover, careful quantification of these imaging abnormalities ulti-
mately enables correlation with already-benchmarked biomarkers of disease, such as
with histopathology. Determining and validating these correlations in an appropriate
animal model would provide a surrogate readout (of disease severity and organ dam-
age) that might eliminate the need for serial euthanasia in large natural-history studies
and also provide a “near-ground-truth” readout of disease, useful in the evaluation of
therapeutic interventions.

In our study of MARV-exposed rhesus monkeys, comparison of baseline to terminal
CT imaging revealed exposure-related abnormalities of liver, spleen, and axillary lymph
nodes, with substantial changes in CT-derived liver and spleen volumes. CT imaging find-
ings were supported by gross and microscopic pathology and consistent with those pre-
viously reported for MARV-exposed rhesus monkeys (38, 55, 56). In particular, terminal
hepatomegaly and liver hypodensity changes shown on CT scans were in concordance
with gross pathological and likely with underlying histopathologic findings (i.e., fatty
vacuolation, hepatocellular necrosis, and edema of varied severities). These are also con-
sistent with similar observations of patients in the clinical setting (58). Interestingly, the
magnitude of change in imaging abnormalities paralleled the severity of disease
observed by histologic or ultrastructural examination. Terminal CT abnormalities noted in
these NHPs were considered consistent with diffuse hepatic injury, reflected in necrosis,

FIG 5 Liver histopathology images (rhesus monkey) on day of euthanasia (DE), 8 days after MARV exposure. (A)
Tissue stained with hematoxylin and eosin (H&E) shows multifocal to coalescing hepatocellular degeneration and
necrosis that affected approximately 20% of hepatocytes and diffuse mild to moderate microvesicular lipid-type
cytoplasmic vacuolation of hepatocytes (black arrows). (B) IHC detection of MARV glycoprotein (brown) in hepatocytes,
Kupffer cells, and sinusoids. (C) TEM showing abundant mature MARV particles (yellow box) between hepatocytes. (D)
ISH results, demonstrates abundant MARV genome (darker pink) in viable and degenerate hepatocytes and Kupffer
cells.
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edema, increased vacuolization, and fat accumulation observed in (rare) histopathologic
specimens from patients with fatal MVD. Draining axillary lymph node involvement ipsilat-
eral to the inoculation site was ubiquitous and substantial in this model; regional lymphad-
enopathy was also similar to what has been described in humans (9, 17, 59).

While these proof-of-concept results are encouraging, we acknowledge several limi-
tations, including the small number of subjects, the absence of “mid-disease” serial
imaging between pre-exposure and terminal scanning, and lack of intravenous con-
trast in CT imaging. Regarding the number of animals and the imaging frequency,
these data were obtained from an n = 6 confirmation-of-virulence study with a second-
ary goal of identifying viral distribution in particular immune-privileged (and other) ter-
minal tissues of interest. This secondary goal of the base study was to potentially
inform understanding of the pathophysiology of postacute sequelae, as observed in
human survivors of MVD. For example, viral distribution and/or any associated patho-
logical changes were specifically sought in these rhesus monkeys in the central and pe-
ripheral nervous system (e.g., peripheral nerves, autonomic ganglia), the eyes (e.g., the
iris), and reproductive tissues (53). Toward both goals, the course of these (ultimately)
lethal acute infections was intentionally as “uninterrupted” as possible to avoid inter-
ference in the natural history. By definition, imaging studies require the use of anes-
thesia for a substantial amount of time (for each scan), and it was decided that com-
pressing multiple imaging time points into this confirmation of virulence study risked
compromising those goals. Therefore, our study did not fully demonstrate the utility
of longitudinal postexposure CT imaging in tracking organ changes in MVD.

Certainly, the limited proof of concept provided here argues for follow-up longitudi-
nal studies that include more frequent serial CT imaging. This intended work would
optimally serve to further map CT abnormalities to traditional disease markers, with
particular interest in meaningfully correlating the noninvasive CT image proxy to histo-
pathology, both at earlier stages of disease progression and at end of life.

Although imaging findings were largely consistent with findings obtained by evalu-
ating biomarkers and histopathology, interpretation of the inconsistencies was also
limited by small numbers. This was highlighted, for example, in an animal with CT
imaging signs of pancreatitis for which serum amylase activity was not elevated, nor
was there histopathologic evidence of pancreatitis. Instead, amylase activity markedly
declined during the course of infection (with acinar cell atrophy by histology), consist-
ent with inanition. More data are needed to determine whether inconsistencies (illus-
trated by this example) truly reflect uncoupling of imaging and biochemical and tissue
signals (i.e., an inaccurate proxy versus differential sensitivities and specificities [unsur-
prising] or simply stochastic variability [also unsurprising]). The small sample size limits
interpretation in these cases as well as the generalizability of even the consistent
findings.

Finally, imaging was performed without intravenous CT contrast to avoid potential
nephrotoxicity in the setting of volume depletion and prerenal azotemia (and to avoid
altering the natural history). In future studies, intravenous contrast administration
might be useful for identifying lesions that may be indiscernible on noncontrast CT.

Despite these limitations, our study underscores the potential value of noninvasive imag-
ing for the characterization of organ involvement following exposure to high-consequence
pathogens. The contribution of the magnitude and dynamic trajectory of liver and spleen
dysfunction to the clinical course and outcomes in patients with MVD is yet to be clarified,
as is the potential role of serial noninvasive proxies of disease severity to serve as meaningful
surrogates in the evaluation of MCMs. Our study may be a proof-of-concept first step toward
using CT (and other imaging modalities) to attain these goals in models of MVD. Coupling
CT with other imaging modalities, such as positron emission tomography (PET) and/or mag-
netic resonance imaging (MRI), may enable the acquisition of multiparametric imaging data
sets that can simultaneously probe interdependent disease processes in addition to organ
volume and density. Examples are the imaging of inflammation with [18F]FDG PET, specific
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immune cell populations through appropriate immune-PET tracers, or organ-specific proc-
esses by tailored PET radiotracers or molecular MRI probes.

Our study proves that medical imaging can noninvasively capture MARV-associated
disruption of homeostasis at the organ level in MARV-exposed rhesus monkeys, with
focus on the liver, spleen, and draining lymph nodes. Although qualitative imaging
readouts may be useful to crudely characterize disease, we also quantified liver and
spleen volumes and radiodensity before and after MARV exposure; quantitative imag-
ing readouts could be used as objective endpoints in evaluation of MCMs and/or in
less-invasive natural-history studies that do not require serial euthanasia. It is hoped
that the traction provided by disease-specific imaging markers serving as surrogate
endpoints might not only reduce experimental burden (of NHPs in particular) but also
lead to more rapid transition of novel candidate MCMs to improve outcomes at the
clinical bedside.

In the clinical setting, a limited few case reports have demonstrated the utility of imag-
ing to characterize disease during or just after the acute phase of a disease caused by high-
consequence pathogens. For example, MRI has been used to document meningoencephali-
tis in patients with Ebola virus disease (60) and after Hendra virus infection (61) and Nipah
virus infection (62–65). However, application of medical imaging during disease outbreaks
remains largely unexplored. As therapeutic options improve and positively impact patient
outcomes, imaging may become a useful tool for characterizing persistent syndromes in
disease survivors that would be otherwise opaque to standard clinical and laboratory
examinations.

MATERIALS ANDMETHODS
Experimental design. This study was performed at a maximum containment (biosafety level 4) facil-

ity (66, 67). (See Fig. 1 for an overview of the study design.) A total of 6 (2 male, 4 female) healthy adult
rhesus monkeys (Macaca mulatta (Zimmermann, 1780)) of Chinese origin (Worldwide Primates, Miami,
FL, USA), weighing 6.70 to 8.56 kg, were exposed via the i.m. route in the brachium with a target dose of
1,000 PFU of Marburg virus/H.sapiens-tc/AGO/2005/Ang-1379v (BioSample identifier SAMN05916381;
referred to here as MARV). Exposure dose was confirmed as approximately 856 PFU by means of a 2.5%
Avicel 591 (RC-591 NF, FMC Biopolymer) plaque assay method described previously (68). Blood was
sampled and serum was collected for biomarkers and viral load determination at baseline, on several
days over the course of disease progression, and on the day of euthanasia (Fig. 1). Monkeys were CT
imaged in a unique maximum-containment suite (67, 69, 70) 3 times before exposure to assess variabili-
ty over time (3, 2, and 1 week prior to inoculation) and on the day of euthanasia. Criteria for euthanasia
for the animals used in this study have been previously reported (53). Time of euthanasia varied at day 7
(n = 1), day 8 (n = 3), and day 9 (n = 2). Gross necropsy was performed after euthanasia, followed by rou-
tine tissue fixation, embedding, sectioning, staining, and imaging for histology. MARV IHC, ISH, and elec-
tron microscopy were also performed following previously published protocols (53).

CT imaging acquisition. For CT imaging, each monkey was anesthetized with ketamine (15 mg/kg
of body weight, i.m.), intubated, and maintained on a ventilator using isoflurane (2 to 2.5%) inhalation,
and placed on the scanner bed in a supine head-out feet-in position. Monkeys were monitored for the
duration of anesthesia. Three sets of baseline images were obtained 3, 2, and 1 week prior to MARV ex-
posure; the final scan (on the day of euthanasia) was acquired when a monkey reached endpoint criteria
(7 to 9 days postexposure). Images were obtained using a Philips Precedence 16 CT scanner (Philips
Healthcare, Cleveland, OH, USA) without contrast, and monkeys underwent a 45- to 50-s breath hold
during acquisition. All monkeys underwent whole-body CT imaging in the transaxial plane. Images were
acquired in helical scan mode with the following parameter settings: 140 kVp, 250 mAs per slice, 1-mm
thickness, 0.5-mm increments, 0.688-mm pitch, collimation of 16 � 0.75, and rotation time of 0.5 s.
Images were reconstructed to isotropic 1-mm3 voxels using an iterative reconstruction with B (soft tis-
sue) and D (bone and lung) filters.

CT imaging analyses. (i) Qualitative analyses. For all animals, CT images acquired at baseline (3
sets) and on the day of euthanasia were examined for qualitative assessments, and findings were
recorded using MIM software version 6.7 (MIM Software, Cleveland, OH, USA). While the entire chest and
abdomen of the animal was visualized, the liver, spleen, and axillary lymph nodes were specifically
examined for CT characteristics.

(ii) Quantitative analyses. Quantitative analyses of images acquired at baseline (3 sets) and on the day
of euthanasia focused on the liver and spleen. Whole liver and spleen volumes, as well as corresponding radio-
density values (in HU), were obtained in a semiautomated fashion using manual correction of automated liver
and spleen contours, obtained using a previously described machine-learning-based segmentation algorithm
(71). The algorithm training parameters, loss function, and postprocessing steps for liver segmentation were
performed as previously described (71) and applied to spleen segmentation.

Briefly, input patches were extracted randomly from an equal number of spleen and nonspleen
regions. As the spleen is comparatively a much smaller organ than the liver, the input patch size was
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heuristically set to 128 � 128 � 16. Similar to liver segmentation, a 10-fold cross-validation of 80 scans
from 32 monkeys was performed, and the method was found effective for spleen segmentation, with an
average 90% Dice score, a statistic used to gauge the similarity of 2 samples, in our case the perform-
ance of image segmentation models (72).

Liver and spleen segmentation masks were exported to MIM software version 7.1, and errors in seg-
mentation were corrected. Using the corrected segmentations, volume, and radiodensity, information
was automatically computed. Additionally, a region-growing algorithm was used to segment the volume
of axillary lymph nodes (73), and radiodensities of the segmented volumes of axillary lymph nodes ipsi-
lateral and contralateral to the virus injection site were recorded.

Hematology, serum chemistry, and assessment of viremia. Hematological assessments were per-
formed on whole blood using an XT-2000iV analyzer (Sysmex America, Lincolnshire, IL, USA). Serum
chemistries were measured with Piccolo General Chemistry 13 panels (Abaxis, Union City, CA, USA) on
samples collected prior to and after exposure to MARV. Serum chemistries were determined using meth-
ods previously published (53). Results were correlated with liver and spleen densities and quantitatively
obtained organ volumes. MARV titers in plasma were determined by plaque assay using grivet
(Chlorocebus aethiops (Linnaeus, 1758)) kidney epithelial Vero E6 cells and by measuring MARV genome
equivalents using real-time reverse transcription PCR, both as previously described (53).

Necropsy, tissue processing, pathology, IHC, and ISH. Monkeys were euthanized in accordance
with previously defined experimental endpoints (74), based on their clinical condition; complete necrop-
sies were conducted. All tissues were fixed, inactivated, sectioned, processed, and examined for routine
histology, as previously described (53, 75). IHC, ISH with the RNAscope 2.5 HD RED kit (Advanced Cell
Diagnostics), and TEM were performed according to methods previously described (53). Additionally, a
semiquantitative liver steatosis scoring system was adapted from a previously published method (76).
Briefly, steatosis was graded on a scale of 0 to 3 for samples in 4 liver locations (pancinar, azonal, zone 1,
and zone 3), and an average was assigned as the score for each liver.

Statistical analyses. To determine changes in CT imaging readouts after MARV exposure, a one-way
analysis of variance (ANOVA) was used to compare the volumes and radiodensities of livers and spleens
across the 4 imaging time points (3 baseline days and day of euthanasia) for each monkey. A Tukey
posttest was used to compare differences between each time point.

Pearson’s correlations of blood biochemistry measures, of liver and spleen densities, and of organ
volumes across all time points were characterized by matching clinical chemistry and imaging data
(i.e., at –2 weeks, –1 week, and day of euthanasia). A paired Student's t test was performed with aver-
aged baseline and day of euthanasia radiodensity of axillary lymph nodes. Two-tailed tests were used,
and P values of ,0.05 were considered statistically significant. Statistical analyses were performed in
Prism version 9.3 (GraphPad Software, San Diego, CA, USA).

Ethics approval. NHPs were housed in a facility accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International. The animal study protocol was approved by the
National Institutes of Health, National Institute of Allergy and Infectious Diseases, Division of Clinical
Research, Animal Care and Use Committee. Experiments were performed in compliance with the U.S.
Department of Agriculture Animal Welfare Act regulations, the National Research Council’s Guide for the
Care and Use of Laboratory Animals (77), Public Health Service policy, and the NIH Animal Research
Advisory Committee guidelines.

SUPPLEMENTAL MATERIAL
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