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In Latin America, rabies virus has persisted in a cycle
between Desmodus rotundus vampire bats and cattle,
potentially enhanced by deforestation. We modeled
bovine rabies virus outbreaks in Costa Rica relative to
land-use indicators and found spatial-temporal relation-
ships among rabies virus outbreaks with deforestation
as a predictor.

Costa Rica has benefited from effective vaccina-
tion campaigns to eliminate canine rabies virus
infections. Still, the virus has endured, spread by
vampire bats (Desmodus rotundus) to cattle, with rare
but documented transfer from bats to humans (1,2).
To determine how anthropogenic disturbance affects
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rabies virus incidence and risk in this system, we in-
vestigated the relationship between land-use change
and documented bovine rabies virus outbreaks in
Costa Rica during 1985-2020.

Since 1985, the National Animal Health Service of
Costa Rica (SENASA) has conducted rabies virus sur-
veillance on domestic animals, confirming outbreaks
of >1 cases by using fluorescent antibody testing (3).
We mapped bovine rabies outbreaks during 1985-
2020 reported by SENASA with neighboring land-use
data by using QGIS 3.16.2 (QGIS, https:/ /qgis.org).
Ten outbreaks from the initial SENASA report (n =
119) were removed because of inaccurate location
data, leaving 109 outbreaks for our study.

To evaluate outbreak probability and distribu-
tion, we used kernel density estimations with the
QGIS default bandwidth to create spatial probabil-
ity estimations on the basis of known outbreaks. We
used a kernel function that smoothed and interpo-
lated probabilities across the study area. We used a
kernel radius of 10 km, the maximum vampire bat
foraging range, limiting interpolation to the deter-
mined area (4). We applied a Kulldorff retrospective
space-time scan with an elliptical spatial scan by

Bovine rabies outbreaks
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using SaTScan version 9.7 (SaTScan, https://www.
satscan.org) to detect the number of outbreak loca-
tions in space and time (5).

We applied logistic regression by using a general-
ized linear mixed model R-package (https://cran.r-
project.org/web/packages/Ime4/Ime4.pdf) to eval-
uate the effects of land-use factors on bovine rabies
virus outbreak locations compared with random con-
trol locations (n =119). We set the district as a random
effect to account for spatial effects. We set the number
of control points to match the true number of SENA-
SA-reported outbreaks. We created control locations
by using the random points function in QGIS and by
using the 2005 and 2017 agricultural land-use data to
bind nonoutbreak samples to areas that could house
cattle. We matched controls temporally to outbreaks
on the basis of the proportion of outbreaks before and
after 2006.

For each outbreak and control location, we used
district-level human population density and cattle
population density as explanatory variables. We used
the distance to and area of forest cover from each out-
break and control location within a 10-km buffer of
the location. For outbreaks and control events up to

Figure. Kernel density
estimations and Kulldorff space-
time scan results for 109 bovine
rabies outbreaks, Costa Rica,
1985-2020. Scan was limited
to a 10-km distance from the
epicenter of an outbreak to
account for Desmodus rotundus
vampire bat foraging ranges,
enabling the detection of
outbreak locations in space and
time. Kernel density estimations
were interpolated by using
GeoDa version 1.18.0 (http://
geodacenter.github.io), and the
Kulldorff scan was implemented
in SaTScan (https://www.
satscan.org). The bovine rabies
outbreak data is from the
National Animal Health Service
of Costa Rica. Map was created
by using QGIS version 3.16.2
(https://qgis.org).
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Table. Statistical relationship between bovine rabies virus outbreaks and relative variables of distance to forested areas, human

density, and cattle density, Costa Rica, 1985-2020*

Relative variable Estimate t-value p value
Distance to forest 433 x10™* 3.32x 107" 1.95 0.051
Human density -3.93x107° 1.93 x 1075 -1.53 0.13
Cattle density -3.76 x 107° 3.23 x 10°° -0.93 0.35

*Results of a generalized linear mixed model regression analysis used to determine a statistical relationship between deforestation, human and bovine
density, and bovine rabies outbreaks using data from the National Animal Health Service of Costa Rica, the 2014 Atlas of Costa Rica aerial photograph,
the 2018 National Territorial Information System aerial photograph, population data, and population density estimates based on growth trends.

tp-value <0.05 is considered statistically significant.

2014, we calculated forest cover by using the 2014 aer-
ial photograph from the Atlas of Costa Rica (http://
www . kyriosoft.com/atlas). For outbreaks after 2014,
we used a 2018 aerial photograph from the National
Territorial Information System (https://www.snitcr.
go.cr). We used human population data from 2011 for
all detections up to 2011. After 2011, we used a hu-
man population density estimate based on national
growth trends (6). We used a similar approach for
cattle density data based on a dataset from 2014 (7).

Outbreaks occurring in the northern provinces of
Alajuela and Heredia clustered on the basis on their
statistically significant closeness in both location and
time of occurrence (6 outbreaks during 1999-2003;
log likelihood ratio 7.52; p = 0.035) (Figure). The in-
creased number of outbreaks in southern Puntarenas
Province may be because of repeated emergence giv-
en the lack of space-time clustering (Figure).

We found a positive association between the
distance to forested areas and bovine rabies virus
outbreaks (generalized linear mixed model esti-
mate 4.33 x 10™, SE 3.32 x 10™; Z-value 1.95; p =
0.05) (Table). Each 1-km increase in distance from
forested areas increased the probability of an out-
break by 4%. This finding aligns with our under-
standing of D. rotundus bat feeding preferences and
rabies virus transmission risk. Decreased forested
roosting site proximity appears to increase D. rotun-
dus bat feeding behavior on cattle (§). Human and
cattle densities were not associated with bovine ra-
bies outbreaks (Table). Because human population
data were unavailable until 2011 and cattle popula-
tion data unavailable until 2014, the effect of those
population densities may be skewed because agri-
cultural intensification in Costa Rica has undergone
major changes during the study period (9).

Our results show an association between defor-
estation and bovine rabies virus outbreaks, highlight-
ing the importance of considering negative health
effects in risk assessments for forest conversion pro-
posals (10). Our results indicated the southern region
of Costa Rica has the highest probability of bovine
rabies outbreaks, indicating the need for localized,
preventative interventions in the south. On the basis
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of recent findings, we must caution against bat cull-
ing as a response to this threat, because disrupting
bat dispersal in unexpected ways may increase the
spread of the rabies virus (2). Because rabies virus re-
mains endemic in Latin America, an increased focus
on integrating spatial, dietary, and surveillance data
for D. rotundus bats is needed to provide additional
insights into land-use effects on the persistence and
spread of the rabies virus.
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With the use of metagenomic next-generation se-
quencing, patients diagnosed with Whipple pneumonia
are being increasingly correctly diagnosed. We report a
series of 3 cases in China that showed a novel pattern
of movable infiltrates and upper lung micronodules.
After treatment, the 3 patients recovered, and lung
infiltrates resolved.
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hipple pneumonia is a rare, chronic, multi-

organ disease, with symptoms including ar-
thritis, diarrhea, and weight loss. Diagnosis is tra-
ditionally confirmed by a histologic examination of
a small bowel biopsy (1). The causative pathogen
is Tropheryma whipplei bacteria, initially identified
from the aortic valve of an endocarditis patient in
2000 (2). The bacterium was successfully cultured
again in 2012 by using a sample of bronchoalveo-
lar lavage fluid (BALF) from a pneumonia patient
with an acute pulmonary infection (2). By using spe-
cial culture systems, laboratories can grow positive
staining or immunofluorescence detectable bacteria
within a macrophage or fibroblast cell in 40-60 days.
Metagenomic next-generation sequencing (mNGS)
is a useful tool for diagnosis.

We report 3 patients in China diagnosed with T.
whipplei pneumonia by using BALF mNGS (Vision
Medicals Company, http://www.visionmedicals.
com) screening during July 2021-December 2022. The
patients had unique radiologic patterns, including
upper lung gathering of micronodules forming a gal-
axy sign, and slightly movable infiltrates before, dur-
ing, and after treatment.

Patient 1 was a 46-year-old man with a produc-
tive cough and a 5-year history of lung abnormality.
His lung lesions gradually increased over time, and
we found gathering micronodules forming a galaxy
sign on the right upper lung (Appendix Figure 1,
https:/ /wwwnc.cdc.gov/EID/article/30/5/23-
1130-App.pdf). T. whipplei bacteria was the only
pathogen we recovered from BALF screened by us-
ing mNGS.

Patient 2 was a 67-year-old man with progres-
sive dyspnea, productive cough, poor appetite, and
weight loss. Repeated high-resolution computed
tomography (CT) showed gradual increase of dif-
fused micronodules gathering on the upper right
lung for 6 months before diagnosis (Figure, panel
A). Lesions in the upper right lung also showed
movement. After bronchoscopic examination, T.
whipplei bacteria was the only pathogen we recov-
ered from BALF. Our histologic examination of the
lung biopsy showed increased foamy macrophages
within the alveolar space and thickened alveolar
septal (Figure, panel B); neutrophils were the pre-
dominant cell type seen.

Patient 3 was a 57-year-old man with complaints of
cough and chest tightness. We found diffuse ground-
glass micronodules in the left upper lung (Appendix
Figure 2). We performed mNGS of BALF and found
Cryptococcus spp. yeast and T. whipplei bacteria. We
treated the patient with fluconazole. Six months later,
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