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Simple Summary

Canine diarrhea is frequently associated with viral infections. While canine parvovirus
(CPV) is a well-known pathogen, two recently discovered viruses—canine bocavirus (CBoV)
and canine bufavirus (CBuV)—are also recognized as potential contributors. This study
investigated the presence and characteristics of these three viruses in diarrheic dogs from
five regions in Sichuan, China. Our findings showed that CPV-2 (33.3%, 48/144) was the
most prevalent virus. Notably, this is the first report of CBoV (5.56%, 8/144) and CBuV
(4.17%, 6/144) detection in Sichuan. The dominant CPV strain identified was CPV-2c,
which had replaced previously circulating strains such as CPV-2a and new CPV-2a. We also
identified novel genetic mutations and documented several co-infection cases where dogs
were infected with multiple viruses. These results reveal a dynamic and evolving viral
situation in Sichuan’s dog population, highlighting the importance of ongoing surveillance
to effectively manage disease spread and protect canine health.

Abstract

Canine parvovirus (CPV) is the primary cause of viral enteritis in dogs, while canine
bocavirus (CBoV) and canine bufavirus (CBuV) have emerged as significant components
of the canine enteric virome. Previous studies on CPV in Sichuan had limited geographic
coverage and sample size, and lacked data on CBoV and CBuV. This study used PCR
to investigate the genetic diversity of CPV, CBoV and CBuV and to examine their co-
infection status in diarrheic dogs across five regions of Sichuan between 2020 and 2022.
The results revealed that CPV-2 was the most prevalent virus (33.3%, 48/144), while CBoV
(5.56%, 8/144) and CBuV (4.17%, 6/144) were detected for the first time in Sichuan province.
Genetic analysis revealed CPV-2c to be the predominant genotype (95.8% (46/48)), replacing
the previously circulating strains CPV-2a and CPV-new 2a. The study also identified several
typical and novel mutations in the VP2 protein in the CPV-2c strains, including Ala5Gly,
Trp214Cys and Thr440Ala. Additionally, four co-infection cases (2.78%) were observed,
including a triple CPV/CBoV/CBuV infection in Xichang (XC05). Phylogenetic analysis
revealed genetic diversity, with CBoV strains clustering into CBoV-1 and CBoV-2 subspecies,
while CBuV strains formed two distinct clusters. Our findings emphasize the need for
ongoing monitoring of the dynamic epidemiological situation of CPV, CBoV and CBuV in
Sichuan Province.

Vet. Sci. 2026, 13, 41 https://doi.org/10.3390/vetsci13010041
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1. Introduction

Canine infectious diarrhea poses a considerable challenge to veterinary practitioners
due to the multifaceted etiology of the condition, which encompasses viral infections,
parasitic infections and gut microbiota dysbiosis [1–3]. Among the viral pathogens, canine
parvovirus (CPV), canine bocavirus (CBoV) and canine bufavirus (CBuV), all belonging
to the genus Protoparvovirus, are three major enteric viruses of concern. CPV-2 has been
identified as the primary causative agent of severe viral diarrhea, particularly in pup-
pies [4]. CBoV and CBuV are newly discovered parvoviruses that have also been associated
with canine diarrhea and require further investigation into their epidemiology [5,6]. Co-
infections involving the three viruses are commonly observed and may exacerbate disease
progression, leading to more severe clinical manifestations [7,8].

CPV is a single-stranded DNA virus that contains two large open reading frames
(ORFs). It has been established that ORF1 encodes two non-structural proteins, designated
as NS1 and NS2, while ORF2 encodes two structural proteins, termed VP1 and VP2 [9,10].
VP2, the major capsid protein of CPV, is the primary determining factor in genotype
classification, based on variations at key antigenic sites, notably residues 426 and 297 [11].
The continuous molecular evolution of the key VP2 residues has driven the emergence and
dominance of new antigenic variants in China. Three antigenic variants—CPV-2a (426Asn),
CPV-2b (426Asp), and CPV-2c (426Glu)—are determined by variations at residue 426 of
the VP2, while novel strains (e.g., new CPV-2a/2b) are distinguished by Ser297Ala [12–14].
To date, all major CPV-2 genotypes (including CPV-2a, -2b, -2c, and new variants) have
been identified across China, with the dominant CPV genotypes exhibiting variation
across Chinese provinces. It has been reported that CPV-2c is the predominant strain in
Shanghai, Shandong, Tangshan, Jilin, Guangxi, and Henan provinces [15–21]. Meanwhile,
CPV-2a and new CPV-2a have shown prominence in regions including Gansu, as well
as in Heilongjiang and Jiangsu, respectively [22–24]. In Sichuan, only four studies have
focused on the molecular epidemiology of CPV, and these studies are constrained by several
limitations, including small sample sizes (e.g., samples number less than 58) and a restricted
geographical focus (often limited to Chengdu, the capital of Sichuan Province) [25–28].

CBoV and CBuV are recently discovered parvoviruses in China that are associated
with gastroenteritis of varying severity in canines [29,30]. Of the three genotypes of CBoV
(CBoV-1, -2, and -3) that have been reported on a global scale, CBoV-2 has been confirmed
as enteropathogenic [31–35]. In China, CBoV has been reported in Heilongjiang [36],
Guangzhou [31] and Hong Kong [37]. The first documented detection of CBuV was
in dogs with intestinal and respiratory tract disease in Italy in 2018 [38]. Subsequent
reports have emerged from China [39,40], India [41] and Turkey [42]. In China, CBuV
was first documented in Guangxi in 2019 [39], with subsequent reports from Shanghai,
Henan and Anhui [40,43,44]. It is important to note that co-infection with CBuV and CPV
have been observed in several studies [39,45]. Furthermore, these viruses have also been
identified from apparently healthy animals [46]. However, further research is required to
elucidate the molecular epidemiology of CBoV and CBuV in Sichuan Province.

According to the 2025 China Pet Industry White Paper, the number of pet dogs in
China was 52.58 million in 2024 [47]. Sichuan, a province with a substantial population, is
characterized by a significant canine population. At present, molecular epidemiological
data and co-infection patterns on CBoV, CBuV and CPV remain limited and require updat-

https://doi.org/10.3390/vetsci13010041
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ing in Sichuan Province. To address these knowledge gaps, the aim of the present study
was to investigate the characteristics of CPV, CBoV and CBuV in Sichuan province, and
also investigated their co-infection status.

2. Materials and Methods

A total of 144 fecal samples were collected from 144 dogs that presented with diarrhea
and accompanying clinical signs (including fever, vomiting, anorexia, or lethargy) to local
veterinary clinics for clinical care. All the samples were collected from five districts in
Sichuan Province between November 2020 and June 2022. The clinical symptoms and
vaccination history of each dog were recorded at the time of sampling. Samples were
collected with an anal swab and placed into a 1.5 mL centrifuge tube containing 1.0 mL of
phosphate-buffered saline (PBS). The samples were obtained through convenience sampling
of clinically affected dogs presented for veterinary care. The samples were sourced from
five distinct regions with a high density of domestic dogs: Chengdu (n = 44), Ya’an (n = 35),
Mianyang (n = 21), Leshan (n = 29), and Xichang (n = 15). All samples were stored at
−20 ◦C until further processing.

Total viral DNA was extracted from fecal samples using the QIAamp PowerFecal Pro
DNA Kit (Qiagen Co., Ltd., Hilden, Germany) in accordance with the manufacturer’s pro-
tocols. The extracted DNA was then amplified using polymerase chain reaction (PCR) with
previously published primer sets targeting specific genes: the complete VP2 gene of CPV-2
(1755 bp), the NS1 gene of CBoV (440 bp), and the VP2 gene of CBuV (962 bp) [23,25,48].
The primer sequences used are detailed in Table S1. The reactions were performed in a total
volume of 50 μL (for CPV and CBoV) or 25 μL (for CBuV) under three different reaction
conditions (Table S1). The amplification products of the genes were sent to Sangon Biotech
(Shanghai) Co., Ltd., Shanghai, China for bidirectional sequencing analysis.

The obtained gene sequences (the complete VP2 gene of CPV, the NS1 gene of CBoV and
the VP2 gene of CBuV) were initially analyzed using the BLAST web interface (National Center
for Biotechnology Information, Bethesda, MD, USA; https://blast.ncbi.nlm.nih.gov/Blast.cgi,
accessed on 15 May 2024) to identify and download the reference sequences (95 strains of CPV,
16 strains of CBoV, and 23 strains of CBuV) from the GenBank database. Multiple sequence
alignments for each virus were performed using MEGA software (version 11.0; Mega Limited,
Auckland, New Zealand). Specifically, the phylogenetic tree for CPV was reconstructed using
the Maximum Likelihood method based on the Tamura 3-parameter model with gamma
distribution, and the trees for CBoV and CBuV were constructed using the Neighbor-Joining
method with the Kimura 2-parameter model. The robustness of the nodes was tested using
1000 bootstrap replications and bootstrap support values greater than 60 were shown at the
nodes. Additionally, the VP2 genes of CPV and CBuV, along with the NS1 gene of CBoV,
were translated into amino acid sequences using MEGA (version 11.0). The nucleotide and
amino acid sequence identities between the isolates from this study and the reference strains
included in the phylogenetic trees were calculated using the MegAlign module within the
BioEdit software (version 7.2.5; Ibis Biosciences, Carlsbad, CA, USA).

The calculation of detection rates and the subsequent determination of 95% confidence
intervals (95% CI) was conducted utilizing the statistical software SPSS 22.0 for Windows
(SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Distribution of CPV, CBoV, and CBuV in Diarrheic Dogs

Among the 144 fecal samples collected from diarrheic dogs across five cities in Si-
chuan Province between 2020 and 2022, CPV-2 was the most frequently detected virus
(33.3%, 48/144; 95% CI: 25.6–41.0%), followed by CBoV (5.56%, 8/144; 95% CI: 1.8–9.3%)

https://doi.org/10.3390/vetsci13010041
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and CBuV (4.17%, 6/144; 95% CI: 0.9–7.4%) (Figure 1, Figure 2 and Figure S1). CPV-2
and CBoV were detected in all five regions, whereas CBuV was only detected in Chengdu
(4.55%, 2/44; 95% CI: 0.0–10.7%), Ya’an (5.71%, 2/35; 95% CI: 0.0–13.4%), and Xichang
(13.33%, 2/15; 95% CI: 0.0–30.5%). The highest detection rate of CPV-2 was observed in
Mianyang (61.9%, 13/21; 95% CI: 41.1–82.7%), whereas the lowest was detected in Leshan
(24.13%, 7/29; 95% CI: 8.6–39.7%). For CBoV, the highest detection rate was observed in
Leshan (6.7%, 2/29; 95% CI: 0.0–15.8%), while the lowest was detected in Ya’an (2.86%,
1/35; 95% CI: 0.0–8.4%).

Figure 1. Geographical locations and sample statistics of the isolates analyzed in this study with
positive rates of three viruses. In the histogram, the various color bars show the number of sequenced
samples. The pie chart illustrates the proportion of each virus detected in the total number of samples
analyzed. Note. 1: A: Chengdu city; B: Ya’an city; C: Leshan city; D: Mianyang city; E: Xichang city.

Figure 2. (A) Specific fragment of the CPV-2 VP2 gene (1755 bp) was amplified with CPV-VP2’s
primer. (B) Specific fragment of the CBoV NS1 gene (440 bp) was amplified with CBoV-NS1’s primer.
(C) Specific fragment of the CBuV VP2 gene (962 bp) was amplified with CBuV-VP2’s primer. Lane
M, TaKaRa DL 2000 DNA Marker; lane N, negative control; lane P, positive control.

https://doi.org/10.3390/vetsci13010041
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Clinical manifestations among virus-positive dogs are summarized in Table 1. Among
the 48 CPV-2–positive dogs, 10 dogs exhibited hemorrhagic diarrhea, accounting for 20.8%.
In contrast, none of the eight CBoV-positive dogs presented with hemorrhagic diarrhea.
Among the six CBuV-positive dogs, only one case (16.7%) was observed with hemor-
rhagic diarrhea. The vaccination status of virus-positive dogs was also analyzed. Among
the 48 CPV-2–positive dogs, 44 (91.67%) had either not received vaccination or had not
completed the full vaccination course. Similarly, incomplete or absent vaccination was
observed in six of the eight CBoV-positive dogs (75.0%) and in all six CBuV-positive dogs
(100%). Based on individual-level clinical and virological data, four cases of co-infection
were also identified (Table 1): one case of CPV/CBuV co-infection in Chengdu (CD40);
one case of CPV/CBuV and one case of CPV/CBoV co-infection in Ya’an (YA11/13); and
one triple CPV/CBoV/CBuV co-infection in Xichang (XC05). All co-infected dogs were
young (<1 year) and presented with a consistent set of clinical signs, including diarrhea,
lethargy, and anorexia.

Table 1. Clinical information and infection status of virus positive samples.

Number Source Breed AGE Clinical Symptoms Vacccination
Infected Virus

Genbank Number
CPV CBoV CBuV

CD03 Chengdu Pomeranian 3 months   No + - - CPV:MZ857180

CD04 Chengdu Chinese
Field Dog 5 months  No + - - CPV:MZ857181

CD05 Chengdu Chinese
Field Dog 2 months  No + - - CPV:MZ857185

CD06 Chengdu Poodle 7 years  Complete - + - CBoV:OQ030256

CD08 Chengdu Chinese
Field Dog 4 months Incomplete + - - CPV:OP779632

CD09 Chengdu Poodle 3 months  No + - - CPV:OP779633

CD10 Chengdu Chinese
Field Dog 2 months  No + - - CPV:OP779634

CD11 Chengdu Chinese
Field Dog 4 months  No - + - CBoV:OQ030257

CD14 Chengdu Chinese
Field Dog 16 months No + - - CPV:OP779635

CD19 Chengdu Chinese
Field Dog

1.5
months  No - + - CBoV:OQ030258

CD21 Chengdu Chinese
Field Dog 2 months  No + - - CPV:OP779636

CD30 Chengdu Poodle -  No + - - CPV:OP779637

CD33 Chengdu Chinese
Field Dog 2 months   

  
 No - - + CBuV:OQ030264

CD38 Chengdu Pomeranian 2 months No + - - CPV:OP779638

CD40 Chengdu Welsh
Corgi 2 months

  
 No + - + CPV:OP779639

CBuV:OQ030265

YA04 Ya’an Golden
Retriever 3 months  Incomplete + - - CPV:MZ857182

YA05 Ya’an Welsh
Corgi 2 months Incomplete + - - CPV:MZ857183

YA06 Ya’an Labrador
Retriever 3 months  Incomplete + - - CPV:MZ857186

https://doi.org/10.3390/vetsci13010041
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Table 1. Cont.

Number Source Breed AGE Clinical Symptoms Vacccination
Infected Virus

Genbank Number
CPV CBoV CBuV

YA08 Ya’an Chinese
Field Dog 4 months  Incomplete + - - CPV:OP779640

YA10 Ya’an Chinese
Field Dog 3 months  Incomplete + - - CPV:OP779641

YA11 Ya’an Greyhound 2 months No + - + CPV:OP779642
CBuV:OQ030266

YA13 Ya’an Chinese
Field Dog 2 months No + + - CPV:OP779643

CBoV:OQ030259

YA17 Ya’an Chinese
Field Dog 2 months  Incomplete + - - CPV:OP779644

YA18 Ya’an Chinese
Field Dog 9 months   

  
 Incomplete + - - CPV:OP779645

YA23 Ya’an Chinese
Field Dog 3 monthes   

  
 Incomplete - - + CBuV:OQ030267

YA25 Ya’an Chinese
Field Dog 2 months  

  
 No + - - CPV:OP779646

YA27 Ya’an Chinese
Field Dog 2 months    

  
 No + - - CPV:OP779647

YA29 Ya’an Chinese
Field Dog 2 months    

  
 No + - - CPV:OP779648

YA32 Ya’an Chinese
Field Dog 2 months  

  
 No + - - CPV:OP779649

LS03 Leshan Golden
Retriever -   

  
 No + - - CPV:OP779650

LS07 Leshan Chinese
Field Dog 5 months

  
 Incomplete + - - CPV:OP779651

LS08 Leshan Chinese
Field Dog 4 months

  
 Incomplete + - - CPV:OP779652

LS09 Leshan Chinese
Field Dog 4 months

  
 Incomplete + - - CPV:OP779653

LS14 Leshan Welsh
Corgi 2 years    

  
 Complete - + - CBoV:OQ030260

LS20 Leshan Poodle 3 months    
  

 Incomplete + - - CPV:OP779654

LS21 Leshan Golden
Retriever 2 months    

  
 Incomplete + - - CPV:OP779655

LS27 Leshan Poodle 2 months No - + - CBoV:OQ030261

LS29 Leshan Chinese
Field Dog 2 months   

  
 No + - - CPV:OP779656

MY01 Mianyang Chinese
Field Dog 3 months  Incomplete + - - CPV:OP779657

MY02 Mianyang Poodle 5 months  Incomplete + - - CPV:OP779658

MY04 Mianyang Poodle 2 years Incomplete - + - CBoV:OQ030262

MY05 Mianyang Poodle 1 months  No + - - CPV:OP779659

MY06 Mianyang Poodle 4 months  Incomplete + - - CPV:OP779660

MY07 Mianyang Pomeranian 3 months Incomplete + - - CPV:OP779661

MY09 Mianyang Pug 3 months Incomplete + - - CPV:OP779662

MY14 Mianyang German
Pinscher 2 months  No + - - CPV:OP779663

MY15 Mianyang Greyhound 10 months
  

 Complete + - - CPV:OP779664

MY17 Mianyang Chinese
Field Dog 2 months   

  
 No + - - CPV:OP779665

https://doi.org/10.3390/vetsci13010041
6



Vet. Sci. 2026, 13, 41

Table 1. Cont.

Number Source Breed AGE Clinical Symptoms Vacccination
Infected Virus

Genbank Number
CPV CBoV CBuV

MY18 Mianyang Chinese
Field Dog 3 months Incomplete + - - CPV:OP779666

MY19 Mianyang Chinese
Field Dog 2 months   

  
 Incomplete + - - CPV:OP779667

MY20 Mianyang Chinese
Field Dog 3 months  

  
 Incomplete + - - CPV:OP779668

MY21 Mianyang Chinese
Field Dog 6 months  

  
 Complete + - - CPV:OP779669

XC02 Xichang Golden
Retriever 6 months Complete + - - CPV:OP779670

XC04 Xichang Poodle 4 months Incomplete - - + CBuV:OQ030268

XC05 Xichang Poodle 3 months  Incomplete + + +
CPV:OP779671

CBoV:OQ030263
CBuV:OQ020369

XC06 Xichang Welsh
Corgi 3 months Incomplete + - - CPV:OP779672

XC08 Xichang Pomeranian 24 months Complete + - - CPV:OP779673

Note. Fever ; stool characteristics (bloody stool , watery stool  , soft stool ); anorexia ; lethargy

; vomiting

  
 .

3.2. Phylogenetic and Genetic Analysis of CPV-2
3.2.1. Amino Acid Analysis Suggests the Predominance of CPV-2c in Sichuan

Of the 48 CPV-2 strains analyzed, 46 (95.8%) were identified as CPV-2c (426-Glu),
while two (4.2%) were identified as CPV-new 2a (297-Ala, 426-Asn). These results indi-
cated that CPV-2c was the predominant genotype in Sichuan. The key AA sites for virus
evolution were summarized in Table S2. All 46 CPV-2c strains in this study shared three
characteristic amino acid substitutions (Phe267Tyr, Tyr324Ile and Gln370Arg) in VP2 with
the original CPV-2 reference strain (M38245), which has been documented as a characteris-
tic of CPV-2c strains of Asian origin. The majority (95.65%, 44/46) of the CPV-2c strains
retained the traditional alanine (Ala) at VP2 position 5. However, two strains (CD21 and
MY20) exhibited an Ala5Gly amino acid mutation. In addition to these typical VP2 amino
acid mutations (Ala5Gly, Phe267Tyr, Tyr324Ile and Gln370Arg), several novel mutations
were identified. These included a Met447Ile substitution in one CPV-2c strain (LS03), a
Thr440Ala mutation in one CPV-2c strain (CD04) and in both CPV-new 2a strains (CD03 and
YA06), and a Trp214Cys mutation in four CPV-2c strains from Xichang (XC02, XC05, XC06
and XC08).

3.2.2. VP2 Gene Phylogenetic Analysis Revealed Three Main CPV-2c Clades

The phylogenetic relationship of CPV-2 was reconstructed based on 143 complete
VP2 gene sequences, including the 48 strains from this study. The phylogenetic tree
showed that all sequences clustered into two major clades defined by key residues at
VP2 positions 267 and 324. One clade was characterized by the amino acid substitutions
Phe267Tyr/Tyr324Ile, predominantly found in Asian strains, while the other clade exhibited
the residues Phe267/Tyr324, predominantly found in Western strains (Figure 3, Table S2).
Five primary monophyletic groups were identified: Asia-2, Asia-1.1, Asia-1.2, WT-1 and
WT-2. All CPV-2c strains from this study were grouped within the Asia-1.1 and Asia-1.2
subclades. In contrast, the two CPV-new 2a strains (CD03 and YA06) clustered within the
Asia-2 subclade.

https://doi.org/10.3390/vetsci13010041
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Figure 3. Phylogenetic tree of canine parvovirus (CPV) constructed based on the complete VP2
gene sequences. The tree was inferred using the Maximum Likelihood method with the Tamura
3-parameter model. A discrete Gamma distribution (5 categories, +G, parameter = 0.1000) was used
to model evolutionary rate differences among sites. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. The analysis involved 138 nucleotide sequences,
and there was a total of 1755 positions in the final dataset after the removal of all positions containing
gaps and missing data (complete deletion option). Red circles indicate CPV-2c strains identified in
the present study, and blue triangles indicate CPV-2a strains identified in this study.

The Asia-1.1 and Asia-1.2 subclades were differentiated by the residue at VP2 position
447 (Met/Ile). A total of 24 CPV-2c strains in this study were found to cluster within
the Asia-1.1. The MY20 and CD21 strains showed a close phylogenetic relationship with
three reference strains from China: two from Sichuan (MH476585 and MF805796) and
one from Henan (ON322803). Notably, the amino acid sequence of the MY20 strain was
100% identical to that of these three reference strains. The Asia-1.2 subclade comprised
CPV-2c strains from China (including 22 strains from this study), Vietnam, Thailand,
South Korea, and Indonesia. Within the Asia-1.2 subclade, LS03 strain in our study and
three Vietnamese strains (MW239584, MW239603 and MK357721) all carried the 447M
residue but were located on different small branches. Another strain from this study (CD04)
clustered with Chinese CPV-2c mutants (MZ836339 and KT156832). CD04 was found
to carry the T440A mutation, which was also observed in two Western CPV-2c strains,
one from Chile (MT585703) and one from the USA (FJ005236). In addition, four Xichang
strains (XC02, XC05, XC06 and XC08) exhibited the Trp214Cys mutation and formed an
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independent small branch on the evolutionary tree. The CPV-2c strains from this study
shared 98.8-100% nucleotide identity and 98.6-100% amino acid identity among themselves
(Tables S3 and S4). Notably, 54.35% (25/46) exhibited 100% amino acid identity with CPV-2c
reference strains reported in several Chinese regions, Nigeria, and Italy from 2014 to 2021.

3.3. NS1 Gene Phylogenetic Analysis of CBoV

Phylogenetic analysis showed that the eight sequences from this study clustered
into two distinct groups (Figure 4). Six of the strains were found within a major clade
that contained 11 reference strains from Asia, America and Europe. The remaining
two strains (OQ030256 and OQ030258) formed a well-supported subclade with four refer-
ence sequences from China (KR998493, KR998488 and KR998491) and Canada (OK546118).
Based on their phylogenetic positions, all eight sequences were classified into two estab-
lished CBoV subspecies: six strains belonged to CBoV2, and two strains (OQ030256 and
OQ030258) were assigned to CBoV1. Notably, no strains from this study clustered with the
CBoV3 subspecies.

Figure 4. The evolutionary history was inferred using the Neighbor-Joining method. The optimal
tree with the sum of branch length = 0.67599231 is shown. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the
Kimura 2-parameter method and are in the units of the number of base substitutions per site. The
analysis involved 24 nucleotide sequences. All positions containing gaps and missing data were
eliminated. Black symbols indicate CBoV strains identified in the present study.

3.4. VP2 Gene Phylogenetic Analysis of CbuV

Phylogenetic analysis showed that the six sequences from this study clustered into
two distinct genetic groups (Cluster 1 and Cluster 2, Figure 5). Cluster 1 was a well-
supported major clade that included five CBuV strains from this study (CD33, CD40, XC04,
XC05 and YA23) and reference sequences from China, Thailand, Italy and India. Within
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this major clade, the five CBuV strains from this study formed a distinct, monophyletic
subcluster with moderate support. In the cluster 2, the remaining one strain (YA11) formed
a well-supported subclade with four reference sequences from Italy, China and Turkey.

Figure 5. Phylogenetic analysis of CBuV based on VP2 gene sequences. The evolutionary his-
tory was inferred using the Neighbor-Joining method. The optimal tree with the sum of branch
length = 0.73839789 is shown. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn to
scale, with branch lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the Kimura 2-parameter method
and are in the units of the number of base substitutions per site. The analysis involved 30 nucleotide
sequences. All positions containing gaps and missing data were eliminated. Black symbols indicate
CBuV strains identified in the present study.

4. Discussion

CPV is the primary cause of severe viral enteritis in dogs worldwide. In recent years,
two novel parvoviruses (CBoV and CBuV) have been identified as recently discovered
pathogens and are now widely recognized as common components of the canine enteric
virome [5,6]. Notably, co-infections involving CPV, CBoV and CBuV have been reported,
and these are considered to increase the complexity of viral enteritis [36,42]. Before this
study, the epidemiology of CPV in Sichuan was limited by geographic coverage and sample
size. Moreover, the presence and molecular characteristics of CBoV and CBuV in Sichuan
had not been reported. This study examined 144 diarrheic dogs using PCR between 2020
and 2022 in Sichuan Province, exploring the characteristics of CPV, CBoV, and CBuV and
analyzing their co-infection rates.
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In the present study, we analyzed the detection rates and co-infection patterns of CPV-
2, CBoV and CBuV in Sichuan. Our results showed CPV-2 was the most prevalent virus
detected (33.3%) in diarrheic dogs across the five regions surveyed, indicating its status
as a dominant and widespread enteric pathogen in Sichuan. The detection rates of CPV-2
in our study was lower than that reported in Shandong (62.9%), and Shanghai (40.78%),
and East China (40.7%) [15,16,49]. Additionally, CBoV and CBuV were first detected in
Sichuan, with positive rates of 5.56% (8/144) and 4.17% (6/144), respectively. Recent studies
have indicated that CBoV has become endemic among dogs worldwide [5,7,31,33,35,37].
The detection rates of CBoV in our study was higher than that reported in Guangdong
(0.24%) [31], but lower than in Heilongjiang (20%) [36]. It aligns closely with reports from
Korea (9.6%) [33]. As to CBuV, only four surveys had analyzed the prevalence of CBuV in
fecal samples from diarrheic in China before 2022. The detection rates of CBuV in our study
(4.17%) was similar to that observed in Guangxi (6.25%) [39]. This is higher than in Henan
(1.74%) and Anhui (4.4%) [43,44], but lower than that reported in Shanghai (42.51%) [40].
Furthermore, we identified four cases of co-infection (2.78%, 4/144), including one triple
infection (CPV/CBoV/CBuV) in the Xichang City (XC05). This phenomenon is consistent
with the previous studies. For example, Sun et al. found that 6.25% of canine samples
tested positive for CBuV, all of which were co-infected with CPV [44]. Similarly, Yao
et al. found that 37.5% (3/8) of CBoV-positive samples were co-infected with CPV [7].
In this study, most virus-positive dogs were unvaccinated or incompletely vaccinated,
including 91.67% of CPV-2–positive dogs, 75.0% of CBoV-positive dogs, and all CBuV-
positive dogs. Similarly, a recent epidemiological study in China reported that incomplete
or insufficient vaccination coverage was closely associated with the high prevalence and
sustained circulation of canine parvovirus [50]. Therefore, these observations further
underscore the importance of timely and complete vaccination in preventing canine viral
enteric infections.

The distribution of CPV genotypes shows significant geographical variation, which
highlights their dynamic evolutionary characteristics. Our genetic analysis confirmed that
the CPV-2c genotype is dominant in Sichuan, accounting for 95.8% (46/48) of CPV-positive
strains. Previous studies in Sichuan Province have indicated that CPV-2a and CPV-new 2a
were the predominant circulating strains between 2011 and 2020 [22,25,28,34]. However,
our data from 2020 to 2022 clearly highlighted that CPV-2c was the most prevalent genotype.
This finding is consistent with the national trend observed in the provinces of Henan and
Jilin [19,21], further establishing CPV-2c as the dominant variant in China. Additionally, we
further analyzed the amino acid variations in the VP2 protein of CPV-2 strains. All Sichuan
strains in our study belonged to the ‘Asian CPV-2c’, characterized by VP2 substitutions
(Phe267Tyr, Tyr324Ile, and Gln370Arg), which distinguish them from Western CPV-2c
strains in terms of their phylogenetic classification [51]. Phylogenetic analysis demonstrated
that the Asian clade is subdivided into Asia-1.1 and Asia-1.2, primarily due to the I447M
substitution. Within the Asia-1.1 subclade, two strains (MY21 and CD20) carried the
Ala5Gly mutation and showed close phylogenetic relationships with Sichuan isolates from
2016 and 2017, indicating the sustained circulation of CPV-2c with Ala5Gly in Sichuan. The
Ala5Gly mutation was first reported in Beijing, China, in 2015 [52]. Statistical analysis of
Chinese Ala5Gly mutant strains revealed that this mutation first appeared in isolates from
2013 and has increased in prevalence in recent years, with occasional detections in Italy and
Nigeria [21]. Except for Ala5Gly, other key mutations also were observed in our study, such
as Ile447Met and Thr440Ala. In the Asian 1.2, both our LS03 strain and the new Vietnamese
CPV-2c strain carried the Ile447Met mutation. However, the Vietnam new CPV-2c strain
also carried Ala5Gly, whereas LS03 did not. This may explain why they are in the same
major branch, but on distinct sub-branches. A previous study found that Vietnamese

https://doi.org/10.3390/vetsci13010041
11



Vet. Sci. 2026, 13, 41

CPV-2c strains had a unique non-synonymous Ile447Met mutation in VP2 genes, which
was subsequently detected in Henan Province, China [21]. This suggests that the strain
carried Ile447Met mutation may have been transmitted to China through the pet trade
and population migration. Furthermore, we identified the Thr440Ala mutation in CPV-2c
strains (CD04). At present, Thr440Ala mutation is only found in CPV-2a/2b and has been
reported worldwide, including in Africa, India and China [53–56]. However, the detection
of the Thr440Ala mutation in CPV-2c in our study suggests a possible genetic recombination
event which deserves further investigation to understand its origin and implications.

Our study revealed the co-circulation of both CBoV-1 and CBoV-2 in Sichuan province.
This finding contrasts with reports from Guangdong and Heilongjiang, where only CBoV-2
was detected [7,31], suggesting a geographical variation in the genetic diversity of CBoV
across China. Regarding CBuV, our phylogenetic analysis identified two clusters, with
the two Ya’an strains exhibiting significant genetic differences. Within cluster 2, our YA11
strain clustered with the Italian strain MT5402. Interestingly, the result is similar with the
phylogenetic pattern observed in a study from Thailand, where two Thailand CBuV strains
also formed a clade (subgroup B) with the same Italian MT5402 strain [57]. This specific
genetic link between the Asian strains (from our study and from Thailand) and the Italian
MT5402 strain suggests that they may have the same common ancestor.

This study has several limitations: (1) The modest sample size may limit the statistical
power of our phylogenetic analysis. (2) The uneven sampling across regions (e.g., only
15 samples from Xichang) may not accurately reflect the prevalence and diversity of viruses
across the entire study area. (3) Only diarrheic dogs’ samples (not including health dogs’
samples) were collected, which may introduce selection bias. Therefore, the detection rates
reported here should not be interpreted as population-level prevalence but rather as the
occurrence of viral infections among clinically affected dogs. Future studies including
healthy control populations and population-based sampling would be necessary to assess
statistical associations with diarrhea.

5. Conclusions

In this study, we have carried out a molecular characterization of CPV, CBoV and
CBuV in dogs with enteric disease in Sichuan, China, with CPV-2c being the predominant
pathogen (46 strains). Molecular and phylogenetic analyses confirmed that all CPV-2c
strains belonged to the ‘Asian CPV-2c’ lineage, which has become the dominant genotype
in Sichuan. Furthermore, the co-circulation of CBoV-1 and CBoV-2 reveals a greater genetic
diversity of bocaviruses in Sichuan. This study is the first to report the identification of
CBoV and CBuV in dogs in Sichuan province. Our findings highlight the increasing detec-
tion rates and genetic diversity of canine parvoviruses. Therefore, continuous monitoring
the incidence and molecular characteristics of CPV-2c and these novel parvoviruses (CBoV
and CBuV) is fundamental to controlling their spread.
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Simple Summary: This study aimed to elucidate how feline herpesvirus type 1 (FHV-1)
serine/threonine protein kinase (pK) and thymidine kinase (TK) regulate viral replication
through host protein phosphorylation. Using CRISPR/Cas9-generated pK− and TK−

deletion mutants, we demonstrated that pK deletion resulted in significantly reduced
plaque size and impaired replication capacity. Phosphoproteomic profiling revealed that
pK deficiency specifically altered phosphorylation of spliceosome-associated proteins,
whereas TK deletion predominantly affected the ATP-dependent chromatin remodeling
pathway. Based on the experimental data, we hypothesize that PK and TK may regulate
FHV-1 replication through distinct host signaling networks. Our work provides novel
insights into FHV-1 pathogenesis and identifies potential targets for antiviral development.

Abstract: Feline herpesvirus-1 (FHV-1) is taxonomically classified within the family Her-
pesviridae, subfamily Alphaherpesvirinae, genus Varicellovirus, and species Felid alphaher-
pesvirus 1. The genome of FHV-1 is 135,797 bp in length and encodes 74 proteins. Among
these proteins, serine/threonine protein kinase (pK) and thymidine kinase (TK) have been
identified as potential virulence factors in alphaherpesviruses, although these kinases are
dispensable for viral replication. As kinases, regulating phosphorylation modification is
one of their functions, while the mechanism by which phosphorylation modification affects
cell physiological functions and thereby influences viral replication remains unclear. In
this study, we generated pK- and TK-deficient FHV-1 mutants by CRISPR/Cas9-mediated
homologous recombination. The pK-deficient virus produced significantly smaller plaques
than the TK-deficient virus. The replication kinetics of the pK-deficient virus were attenu-
ated in multistep growth compared to the TK-deficient virus. These results indicate that
deletion of the pK gene markedly reduces the replicative capacity of FHV-1. We applied
data-independent acquisition (DIA) quantitative proteomics to profile changes in global
protein expression and phosphorylation in F81 cells upon infection with TK−, pK−, and
wild-type FHV-1 strain. The pK-deficient virus exhibited 3632 differentially phosphory-
lated proteins containing 11,936 modification sites; the TK-deficient virus showed 4529
differentially phosphorylated proteins with 19,225 phosphorylation sites. Functional char-
acterization through Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses identified significant involvement of phosphoproteins in
spliceosome pathways in pK-deficient virus and ATP-dependent chromatin remodeling
pathway in TK-deficient virus. Notably, several splicing regulators—including Ess-2 and
CDK13, which modulate host spliceosomal function—displayed significantly reduced
phosphorylation levels in pK-deficient viruses. A significant enrichment of ATP-dependent
factors, such as SMARCA5 and RSF1, was observed in the TK-deficient virus. To our
knowledge, this is the first investigation into the effects of FHV-1 infection on the host cell
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phosphoproteome. These data offer new insights into the phosphoregulatory circuits and
signaling networks triggered by FHV-1 and may enhance our understanding of the FHV-1
replication mechanism.

Keywords: FHV-1; phosphoproteomics; differential phosphorylation; GO; KEGG

1. Introduction

Feline herpesvirus type 1 (FHV-1) is the primary causative agent of feline viral rhino-
tracheitis (FVR), a disease mainly characterized by upper respiratory and ocular signs [1].
FHV-1 belongs to the genus Varicellovirus, subfamily Alphaherpesvirinae, family Her-
pesviridae [2,3]. It is an enveloped virus with a linear double-stranded DNA genome
organized into unique long (UL) and unique short (US) regions, flanked by internal and
terminal repeats (IRS, TRS), forming the structure UL-IRS-US-TRS [4,5]. The complete
genome spans 135,797 bp and encodes 74 viral proteins, including 11 glycoproteins [6].

Notably, the US3 gene encodes a serine/threonine protein kinase (pK) involved in
virion assembly, cytoskeletal remodeling, and evasion of host innate immunity [7]. The pK
gene is essential for efficient viral replication in vitro, as its deletion impairs the growth of
multiple herpesviruses, including FHV-1 [8]. Deletion of US3 attenuates FHV-1 virulence,
enhances interferon production, impairs establishment of latency in the trigeminal ganglion,
and reduces subsequent viral shedding [9]. In addition to the US3 protein, thymidine kinase
(TK) has been implicated in herpesvirus pathogenicity. While TK is not required for in vitro
replication or immunogenicity in FHV-1, it is critical for replication and dissemination
of pseudorabies virus in the central nervous system [10]. Partial or complete deletion
of the TK gene has been shown to reduce virulence and neuroinvasiveness in several
herpesviruses [11].

Protein phosphorylation represents a fundamental post-translational modification that
orchestrates crucial biological processes, including signal transduction, molecular interac-
tions, and enzymatic activity regulation [12,13]. This covalent modification significantly
expands protein functional diversity, with approximately 30% of the proteome undergo-
ing phosphorylation at one or more residues [14]. These modifications are catalyzed by
protein kinases, which constitute nearly 2% of the eukaryotic genome [15]. In mammalian
systems, phosphorylation primarily occurs on serine, threonine, and tyrosine residues. The
reversible nature of this process—tightly regulated by kinases and phosphatases—enables
dynamic control of cellular signaling networks. Substantial evidence demonstrates the in-
dispensable role of phosphorylation in diverse cellular processes, including inflammasome
assembly and activation [16], apoptosis [17], oncogenic proliferation [18,19], and virus–host
interactions [20].

Previous studies have shown that in alphaherpesviruses, such as pseudorabies virus
(PRV) and herpes simplex virus 1 (HSV-1), the pK protein directly phosphorylates core
components of the m6A mRNA methyltransferase complex, thereby suppressing its methy-
lation activity [21]. In Marek’s disease virus, the pK kinase controls replication and disease
progression via direct phosphorylation of host HDAC1 and HDAC2 [22]. TK catalyzes the
monophosphorylation of nucleoside analogues. Currently, the phosphorylation-related
functions of the pK and TK genes remain incompletely characterized. Moreover, global
phosphoproteomic changes induced by FHV-1 infection remain uncharacterized.

In this study, we generated targeted pK− and TK− mutants of FHV-1 using
CRISPR/Cas9-mediated homologous recombination. Our assessment of viral growth
curves and plaque sizes yielded results consistent with these earlier reports. These ob-
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servations prompted us to further investigate the mechanisms underlying the differential
replication efficiency among the mutant strains. Then, we performed phosphoproteomic
sequencing and employed liquid chromatography-tandem mass spectrometry (LC-MS/MS)
to profile host protein phosphorylation in response to infection with wild-type FHV-1 and
its gene-deletion mutants. All experiments were conducted in three independent replicates
to ensure reproducibility. Using the wild-type infection as a reference, we identified differ-
entially phosphorylated proteins in mutant strains and performed functional annotation
through Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way, and subcellular localization analyses. Our findings may elucidate the FHV-1 infection
process and the mechanisms by which host phosphorylation dynamics block and limit
viral replication.

2. Materials and Methods

2.1. Cells and Virus

Feline kidney cells (F81) were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% (v/vv/v) fetal bovine serum (FBS), 100 U mL−1 penicillin,
and 100 μg mL−1 streptomycin, and cultured at 37 ◦C in a humidified atmosphere con-
taining 5% CO2. Feline herpesvirus-1 strain QD-1 was isolated in this laboratory from the
nasal swab of a kitten exhibiting clinically confirmed feline viral rhinotracheitis. For viral
propagation, confluent F81 monolayers were inoculated with FHV-1 at a multiplicity of
infection (MOI) of 0.01. When approximately 90% cytopathic effect (CPE) was observed,
the culture supernatants were harvested and clarified for subsequent titration.

2.2. Selection of sgRNAs

Single-guide RNAs (sgRNAs) targeting the TK and pK sequences were designed using
the online CRISPR design tool (https://www.zlab.bio/, Feng Zhang’s Lab). The sgRNAs
are listed in Table 1. The PX330 plasmid was digested using BbsI, and the CRISPR/Cas9-
sgRNA plasmids were constructed. All of the constructs in this study were verified
by sequencing.

Table 1. Sequences of the sgRNAs.

Gene Primers Sequence (5′-3′)

pK

sgRNA1-pK-F caccgcgtggtatgctggacgatga
sgRNA1-pK-R aaactcatcgtccagcataccacg
sgRNA2-pK-F caccgcactctaaaggttcacccag
sgRNA2-pK-R aaacctgggtgaacctttagagtg

TK

sgRNA1-TK-F caccgcatttacatagatggtgcct
sgRNA1-TK-R aaacaggcaccatctatgtaaatg
sgRNA2-TK-F caccgccttgggagcactgagacaa
sgRNA2-TK-F aaacttgtctcagtgctcccaagg

2.3. Construction of Recombinant Transfer Vectors

For deletion of the pK gene of FHV QD-1 by homologous recombination, a transfer
vector was constructed by using two segments flanking the pK gene, pK-L and pK-R, as
the recombination homologous arms. The left and right homology arms (pK-L and pK-R)
were PCR-amplified from FHV QD-1 genomic DNA using the primer sets pKL-F/pKL-R
and pKR-F/pKR-R, respectively. The EGFP expression cassette under the control of the
CMV promoter and SV40 poly(A) signal was amplified from pEGFP-N1 with primers
pK-EGFP-F and pK-EGFP-F using the primer set pK-EGFP-F and pK-EGFP-R. The pK-L
and pK-R homology arms together with the EGFP expression cassette were directionally
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inserted between the BamHI and EcoRI sites of pUC19 to generate the final transfer vector
pUC19-pKLR-EGFP. Following the identical cloning strategy, pUC19-TKLR-EGFP, a transfer
plasmid designed for TK gene deletion, was constructed by inserting the corresponding
TK-L and TK-R homology arms together with the EGFP expression cassette between the
BamHI and EcoRI sites of pUC19. Primers used are listed in Table 2.

Table 2. Primers used to generate mutating fragments.

Primer Sequence (5′–3′) Used for

pKL-F gaccatgattacgccaagcttgtctcgttgtcactctcgct

generation of pK−
mutating
fragment

pKL-R ttaccgtaagttatgtaacgggatccagtagagatcatcg
pK-EGFP-F cgttacataacttacggtaa
pK-EGFP-R gaacttggcatcgaaagtcataagatacattgatgagttt
pKR-F tgactttcgatgccaagttc
pKR-R aaacgacggccagtgaattcgttatgtatatcctcctccg

TKL-F accatgattacgccaagcttggttaacggacgatctgtga

generation of TK−
mutating
fragment

TKL-R ttaccgtaagttatgtaacgcgtctgatctgtgtatgatg
TK-EGFP-F cgttacataacttacggtaa
TK-EGFP-F atagggaacaccactaatgttaagatacattgatgagttt
TKR-F acattagtggtgttccctat
TKR-R aaacgacggccagtgaattcgcattccatcggccagtaat

2.4. CRISPR/Cas9-Mediated Gene Deletion and Recombinant Virus Purification

F81 cells were transfected with 2 μg px330-pK-sgRNA and pUC19-pKLR-EGFP using
PEI reagent according to the manufacturer’s instructions. After 24 h, cells were inoculated
with the FHV-1 QD-1 strain at an MOI of 0.01. At 48 h post-infection, cells and supernatant
were collected and lysed by three consecutive freeze–thaw cycles to liberate intracellular
virions. Recombinant FHV-1 was purified from the cell lysates by plaque purification in
F81 cells overlaid with 1% low-melting-point agarose and 2% FBS. Following three rounds
of plaque purification, EGFP-expressing plaques were readily visualized by fluorescence
microscopy. The DNA of recombinant viruses was extracted using a TIANamp Genomic
DNA Kit (TIANGEN, Beijing, China) and amplified using the specific primers pK-F1/pK-
R1. The PCR product was sequenced, and the pK gene deletion and EGFP insertion were
confirmed. The clonally purified, EGFP-expressing recombinant virus was named FHV QD-
1 pK−/EGFP+. Similarly, the pUC19-TKLR-EGFP and px330-TK-sgRNA were transfected
into F81cells, and the cells were infected with FHV-1 QD-1 strain 24 h after transfection.
FHV QD-1 TK−/EGFP+ was screened by three rounds of purification and identification via
PCR using primer pairs TK-F1/TK-R1 and sequencing. Primers used are listed in Table 3.

Table 3. Primers used to differentiate between wild-type and mutant viruses.

Primers Sequence (5′–3′) Used for

pK-F1 ccacacccatatcaacatc Differentiation of pK−
mutant and wild typepK-R gtaacagagatccattgg

TK-F1 aacctcacatgctaggtaca Differentiation of TK−
mutant and wild typeTK-R1 ccagtcaacatcctcgatac

2.5. Growth Kinetics and Plaque Assays of the Recombinant FHV-1

F81 cells were cultured in six-well plates and inoculated with FHV QD-1, pK−/EGFP+,

and TK−/EGFP+ at 0.01 MOI, respectively. The supernatants and cells were collected at
the indicated intervals. The virus titers were determined using the Reed–Muench method.
Confluent F81 monolayers in six-well plates were inoculated with FHV QD-1, pK−/EGFP+,
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or TK−/EGFP+ at 37 ◦C for 2 h, then overlaid with DMEM supplemented with 1% (w/v)
low-melting-point agarose and 2% (v/vv/v) FBS, and incubated at 37 ◦C under 5% CO2 for
72 h. The six-well culture plates were stained with 1% crystal violet in methanol for 1 h at
room temperature before the plaques were observed.

2.6. Samples for LC-MS-MS Analysis

F81 cells were seeded in 75 cm2 cell culture flasks and cultivated until achieving
80% confluency. The growth medium was removed, and cells were washed three times
with sterile phosphate-buffered saline. Cells were infected with FHV QD-1, pK−/EGFP+,
and TK−/EGFP+ at 0.01 MOI, incubated at 37 ◦C with 5% CO2, and harvested after 12
h for LC-MS-MS analysis. Uninfected cells were incubated in DMEM alone as a non-
infected control (NC) group. To ensure adequate coverage of phosphosites, three biological
replicates (a total of nine samples), including three FHV QD-1, three pK−/EGFP+, and
three TK−/EGFP+, were used.

2.7. Protein Extraction

Cells were resuspended in lysis buffer (8M urea, 1% protease inhibitor, 1% phos-
phatase inhibitor, 3 μM Trichostatin A, and 50 mM Nicotinamide) and sonicated three
times on ice using a high-intensity ultrasonicator, and precipitates were removed by cen-
trifugation at 12,000× g for 10 min at 4 ◦C. The supernatant was collected following the
manufacturer’s protocol, and protein concentrations were quantified using a bicinchoninic
acid (BCA) assay.

2.8. Protein Digestion and Phosphopeptide Enrichment

Following quantification, protein aliquots were subjected to reduction with 10 mM
dithiothreitol (DTT) at 37 ◦C for 1 h and alkylation with 50 mM iodoacetamide (IAA) in
the dark at room temperature for 1 h. Excess IAA was quenched by the addition of 5 mM
DTT with incubation at room temperature for 10 min. The samples were then transferred
to 30-kDa molecular weight cut-off (MWCO) filters and centrifuged. The filter units were
subsequently washed twice with 100 μL of UA buffer (8 M urea in 100 mM Tris-HCl,
pH 8.5) and three times with 100 μL of 50 mM ammonium bicarbonate (NH4HCO3) to
remove residual denaturant. After buffer exchange, trypsin was added at a 1:50 (w/w)
enzyme-to-protein ratio in 50 mM NH4HCO3, and digestion proceeded at 37 ◦C for 16–20 h.
The resulting peptides were desalted using C18 cartridges, lyophilized, and reconstituted
in 40 μL of 0.1% formic acid. Peptide concentration was determined by absorbance at
280 nm. For phosphopeptide enrichment, the HiSelectTMTiO2 Phosphopeptide Enrichment
Kit (Thermo Fisher Scientific, Waltham, MA USA, A32993) was used according to the
manufacturer’s protocol. The enriched phosphopeptides were lyophilized and stored in
0.1% formic acid for subsequent LC-MS/MS analysis.

2.9. Nanoflow Ultra-High Performance Liquid Chromatography (UHPLC)

Chromatographic separation was performed using a nanoflow ultra-high performance
liquid chromatography (UHPLC) system. The mobile phases consisted of 0.1% formic acid
in water (phase A) and 0.1% formic acid in 80% acetonitrile (phase B). After equilibrating
the column with 100% phase A, samples were loaded via an autosampler onto a trapping
column and subsequently separated on an analytical column. The mass spectrometry
gradient program is detailed in Table 4.
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Table 4. Mass Spectrometry Gradient.

Time (min) Flow (μL/min) %B

0 0.4 6.7
0.7 0.4 6.7
1 0.4 7.2

11.3 0.4 24
17 0.4 36

18.5 0.4 55
19 0.4 99
24 0.4 99

2.10. Mass Spectrometric Analysis

Following separation by nanoflow liquid chromatography, samples were analyzed
using an Orbitrap Astral mass spectrometer (Thermo Scientific) in positive ion mode. The
total analysis time was 24 min. Detailed mass spectrometry parameters are listed in Table 5.

Table 5. Mass Spectrometry Parameter Settings Table.

Properties of Full MS

General
Runtime (min) 24

Polarity Positive
Full MS

Resolution 240,000
AGC target (%) 500

Maximum Injection Time (ms) 5
Scan Range (m/z) 380–980

Properties of DIA

General
Runtime (min) 24

Polarity Positive
Default charge state 2

Advanced Peak Determination Ture
MS2

Resolution 80,000
Precursor Mass Range (m/z) 380–980

DIA Window Type Auto
Isolation Window (m/z) 2
Number Of Scan Events 299

DIA Window Mode m/z Range
Collision Energy Type Normalized

HCD Collison Energy (%) 25
Detector Type Astral

Scan Range (m/z) 150–2000
AGC target (%) 500

Maximum Injection Time (ms) 3
Microscans 1

Loop Control Time
Time (s) 0.6

2.11. Mass Spectrometry Data Processing

A spectral library was constructed by searching against a protein sequence database
in the FASTA format, which included the Felis catus (host) and FHV-1 (virus) proteomes.
Subsequent analysis of data-independent acquisition (DIA) data was performed using
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Spectronaut Pulsar software 20 (Biognosys AG, Schlieren, Switzerland). Following database
searching against the feline-specific UniProt database, raw LC-MS/MS files were imported
into Spectronaut for spectral library generation and comprehensive data processing. In
order to test the reproducibility of experiments, phosphoprotein ratios in each replicate
were quantified based on the summed intensity of the matched spectra. Pearson correlation
coefficient and average relative standard deviation (RSD) were explored to evaluate the
reproducibility of protein relative quantitation.

2.12. Data Filtering and Preprocessing

To ensure data quality, proteins and peptides were retained only if they were detected
in more than 50% of samples within any experimental group. For the filtered dataset,
missing values were imputed using the mean of respective sample groups. The resulting
data then underwent median normalization followed by log2 transformation to generate a
finalized set of high-confidence phosphoproteins and phosphopeptides.

2.13. Differential Expression Analysis

For the identification of significantly differentially phosphorylated peptides, we ap-
plied the following criteria: a phosphopeptide was considered significantly upregulated
if it exhibited a fold change (FC) > 1.2 with a p-value < 0.05 (Student’s t-test), and down-
regulated if it exhibited a fold change (FC) < 0.5 with a p-value < 0.05. The numbers of
up- and downregulated phosphopeptides for each comparison were determined based on
these thresholds.

2.14. Bioinformatic Analysis and Visualization

Phosphorylation motif enrichment was analyzed using the MOMO tool from the
MEME Suite. Functional characterization of the phosphoproteome was performed through
integrated bioinformatic approaches, including Gene Ontology (GO) term enrichment,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and the Omic-
Share Tools platform. Data visualization was implemented using multiple specialized
tools: density plots were generated with the ggplot2 package in R, protein correlation
patterns were visualized using the corrplot package (v0.84) in R, and bar charts, along
with pie charts, were created using GraphPad Prism (v8.0.2). The phosphorylated protein
analysis was performed in three independent experiments. Data are presented as the
mean ± standard deviation unless otherwise specified. Statistical significance was defined
as p < 0.05 (GraphPad 6/ SPSS 20).

3. Results

3.1. Construction and Identification of the FHV-1 Mutant via CRISPR/Cas9-Mediated
Homologous Recombination

Utilizing CRISPR/Cas9-mediated homologous recombination (Figure 1A), we gener-
ated a series of FHV-1 mutants. F81 cells were co-transfected with the pKL-CMV-EGFP-bGH
polyA-pKR fragment and a sgRNA specific for the pK gene. At 24 h post-transfection,
the cells were infected with the FHV-1 QD-1 strain at an MOI of 0.01. Following the
emergence of green fluorescent plaques exhibiting characteristic herpesvirus cytopathic
effects, the pK−/EGFP+ virus was isolated through three rounds of plaque purification
(Figure 1B). The identity of the recombinant virus was then verified by PCR amplification
and sequencing, which confirmed a distinct amplification profile compared to the wild-type
strain. The size of the pK−/EGFP+ target gene is 1700 bp, while that of FHV-1 is 1200 bp.
(Figure 1C). Finally, the sequence-confirmed recombinant virus, in which EGFP replaces
the pK gene, was harvested and stored for subsequent experiments. The TK− mutant was
constructed following an identical procedure. The PCR identification results indicate the
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size of the pK−/EGFP+ target gene is 1700 bp, while that of FHV-1 is 1200 bp, which meets
our expectations.

Figure 1. Construction and identification of recombinant FHV-1. (A) Schematic diagram of the
recombinant FHV-1 development strategy. (B) Plaque purification of pK−/EGFP+ and TK−/EGFP+

in agarose-DMEM plates. (C) PCR confirmation of the pK gene deletion and the EGFP insertion.
Lane M: DNA Molecular Weight Standard (DL2000); Lane 1: pK−/EGFP+; Lane 2: FHV-1 WT QD-1;
Lane 3: blank control. (D) PCR confirmation of the TK gene deletion and the EGFP insertion. Lane
M: DNA Molecular Weight Standard (DL2000); Lane 1: TK−/EGFP+; Lane 2: FHV-1 WT QD-1;
Lane 3: blank control. (E) Multiple-step growth curves of FHV QD-1, pK−/EGFP+, and TK−/EGFP+

in F81 (0.01 MOI). (F) Plaque morphologies and sizes of F81 cells inoculated with the pK−/EGFP+,
and TK−/EGFP+.: Original PCR/Gel Electrophoresis pictures see Figures S1 and S2.

To assess the impact of pK or TK deletion on FHV-1 biological properties, we ex-
amined viral replication kinetics and cell-to-cell spread. Using the FHV-1 QD-1 strain as
a control, multistep growth curve analysis revealed that the pK−/EGFP+ mutant repli-
cated more slowly than both the wild-type QD-1 and TK−/EGFP+ strains, requiring an
extended time to achieve CPE in F81 cells, the peak titer of the pK−/EGFP+ mutant
reached 106 TCID50/mL, significantly lower than the 108.3 TCID50/mL attained by the
wild-type FHV-1 QD-1 strain (Figure 1E). The data confirm that pK gene deletion reduces
FHV-1 replicative fitness. As shown in Figure 1B, the pK−/EGFP+ mutant formed signifi-
cantly smaller plaques than TK−/EGFP+, indicating that pK deletion impairs intercellular
viral spread.

3.2. Global Detection of Phosphosites in F81 Cells Infected with FHV-1 Mutants

Analysis of phosphorylation modifications revealed both single-site and multisite
events. To quantify these modifications, a comparative analysis between the pK−/EGFP+
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and WT FHV-1 groups was performed. As illustrated in Figure 2A, this analysis identified
22,099 phosphorylated peptides, 11,935 phosphorylation sites, and 3632 phosphorylated
proteins. Regarding the distribution of phosphorylation types, serine residues accounted
for the majority (77.1%) of all identified sites, followed by threonine (15.9%) and tyro-
sine (7.0%) (Figure 2B). Subsequently, subcellular localization prediction indicated that
these phosphorylated proteins were primarily distributed in the nucleus and cytoplasm
(Figure 2C). Furthermore, analysis of the phosphorylated peptides revealed that 11,677
contained a single phosphorylation site, while 254, 4, and 1 peptides contained two, three,
and four sites, respectively (Figure 2D).

Figure 2. A quantitative overview of the phosphoproteomic analysis of phosphoproteins with
differentially regulated phosphosites in pK−/EGFP+ and WT FHV-1 groups. (A) The number of
phosphopeptides, phosphorylation sites, and phosphoproteins identified. (B) Quantitative statistics
of the phosphorylation of serine, threonine, and tyrosine. (C) Prediction of the subcellular localization
of phosphorylated proteins. (D) Statistical analysis of the number of modification sites on the
phosphorylated peptide fragments. (E) Overview of differential phosphorylated phosphopeptides.
(F) Volcano map analysis of the differential phosphorylated phosphopeptides. (G) Hierarchical
clustering analysis of the differential phosphorylated phosphopeptides.

In a parallel comparative phosphoproteomic analysis of the TK−/EGFP+ and WT
FHV-1 groups, a larger dataset was obtained, comprising 68,816 phosphopeptides,
19,225 phosphosites, and 4529 phosphorylated proteins (Figure 3A). Consistent with the
trend observed above, phosphoserine (pS) residues were again predominant (77.9%), with
phosphothreonine (pT) and phosphotyrosine (pY) constituting 17.8% and 4.3% of the sites,
respectively (Figure 3B). Regarding cellular distribution, the phosphoproteins in this dataset
were predicted to localize primarily to the nucleus, cytoplasm, and plasma membrane
(Figure 3C). Finally, the distribution analysis of phosphosites showed that 17,360 peptides
featured a single site, whereas 1582, 266, and 16 peptides contained two, three, and four
sites, respectively (Figure 3D).
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Figure 3. A quantitative overview of the phosphoproteomic analysis of phosphoproteins with differ-
entially regulated phosphosites in TK−/EGFP+ and WT FHV-1. (A) The number of phosphopeptides,
phosphorylation sites, and phosphoproteins identified. (B) Quantitative statistics of the phosphoryla-
tion of serine, threonine, and tyrosine. (C) Prediction of the subcellular localization of phosphorylated
proteins. (D) Statistical analysis of the number of modification sites on the phosphorylated peptide
fragments. (E) Overview of differential phosphorylated phosphopeptides. (F) Volcano map analysis
of the differential phosphorylated phosphopeptides. (G) Hierarchical clustering analysis of the
differential phosphorylated phosphopeptides.

To further explore the differential phosphorylation of host proteins in response to infec-
tion by the wild-type strain compared to the gene deletion strains. Following pK−/EGFP+

infection, 385 phosphorylated peptides were identified as significantly differentially ex-
pressed. Of these, 259 were significantly upregulated (fold change ≥ 1.5, p ≤ 0.05), while
126 were significantly downregulated (ratio ≤ 0.67, p ≤ 0.05) (Figure 2E). 224 upregulated
and 134 downregulated differentially expressed proteins after TK−/EGFP+ infection
(Figure 3E). The overall distribution of these significant changes is displayed in volcano
plots (Figures 2F and 3F). Subsequently, clustering analysis confirmed a clear separation
between the phosphopeptides of the WT and gene deletion strain groups, underscoring the
distinct impact of the viral genotype on the host phosphoproteome. Furthermore, among
the differentially phosphorylated peptides, upregulated species were substantially more
abundant than downregulated ones, a finding consistent with the trends observed in the
volcano plots (Figures 2G and 3G).

3.3. Analysis of Phosphorylated Peptide Motifs

To investigate the sequence conservation surrounding the phosphorylation sites, we
analyzed the flanking regions spanning six amino acids upstream to six amino acids
downstream of each modified residue. This analysis revealed conserved sequence mo-
tifs and aided in predicting potential cognate kinases. Specifically, motif analysis of the
1276 phosphopeptides identified in both the pK−/EGFP+ and WT FHV-1 groups showed
that serine was the predominant phosphorylated residue (Figure 4A(1–3)(5–7)). Among
these, six serine phosphorylation motifs were significantly enriched, with SP and RxxS be-
ing the most prevalent (Figure 4B). Furthermore, examination of all 2270 phosphopeptides
identified 14 conserved motifs, including 9 phosphoserine (P-Ser) (Figure 5A(1–6)(8–9))
and 5 phosphothreonine (P-Thr) motifs (Figure 5A(7)(10–13)), in the TK−/EGFP+ and WT
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FHV-1 groups. These motifs exhibited distinct abundance patterns, with SP being the most
widely distributed phosphoserine motif, followed by SxS and RxxS (Figure 5B).

Figure 4. The phosphorylation motifs identified by the pK−/EGFP+ and WT FHV-1 groups.
(A) Significantly enriched phosphorylation sequences. (B) The number of recognized peptides
containing phosphorylated motifs.

Figure 5. The phosphorylation motifs identified by the TK−/EGFP+ and WT FHV-1 groups.
(A) Significantly enriched phosphorylation sequences. (B) The number of recognized peptides
containing phosphorylated motifs.
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3.4. Analysis of Phosphorylated Peptide Domain

In addition, domain prediction was performed on proteins harboring differentially
expressed modified peptides. The phosphorylation levels of proteins associated with
the RNA-binding domain superfamily and the RNA recognition motif (RRM) domain—
both directly involved in RNA binding and processing—were observed to be elevated
in the pK−/EGFP+ strain (Figure 6A). Upon phosphorylation, certain host RNA-binding
proteins (RBPs) exhibit enhanced RNA-binding affinity or stability, enabling more effi-
cient recognition and binding of viral RNA [23], followed by recruitment of degradation
machinery for viral RNA clearance. Domain superfamilies implicated in chromatin remod-
eling and epigenetic regulation—including the SNF2 N-terminal, SNF2-like N-terminal,
Bromodomain, and High Mobility Group box—were significantly upregulated in the
TK−/EGFP+ strain (Figure 6B). Furthermore, subunits of many chromatin remodeling
complexes, notably SWI/SNF, are regulated by phosphorylation. Phosphorylation upreg-
ulation directly enhances its ATPase activity or alters nucleosome positioning, thereby
establishing an open chromatin environment at viral genome promoters to promote viral
gene transcription [24,25]. Notably, the zinc finger PHD-type domain displayed distinct
expression patterns between the mutants: it was upregulated in the pK−/EGFP+ strain,
whereas in the TK−/EGFP+ strain, the extent of upregulation marginally surpassed that
of downregulation. Given that the PHD zinc finger is a critical epigenetic reader of the
histone code and plays essential roles in transcriptional regulation and DNA damage
repair [26], its differential expression across viral strains suggests altered strategies in
virus–host chromatin interactions during infection.

Figure 6. The structural domain prediction histograms. (A) The structural domain prediction his-
tograms in the pK−/EGFP+ and WT FHV-1 groups. (B) The structural domain prediction histograms
in the TK−/EGFP+ and WT FHV-1 groups.

3.5. Functional Enrichment of Proteins with Differentially Regulated Phosphosites

We performed Gene Ontology (GO) enrichment analysis on proteins associated with
differential phosphorylation sites to systematically characterize their functional impli-
cations. The GO framework categorizes protein functions into three primary domains:
Biological Process, Cellular Component, and Molecular Function. In the comparison be-
tween the pK−/EGFP+ and WT FHV-1 groups, proteins with downregulated phosphosites
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revealed a distinct functional profile. Specifically, within the Molecular Function category,
the most significantly enriched terms included enzyme activator activity, transcription
coregulator activity, GTPase activator activity, nucleoside-triphosphatase regulator activity,
and GTPase regulator activity. Regarding cellular localization, the nuclear lumen and
nucleoplasm were the most enriched Cellular Component terms. In the Biological Process
domain, the top four enriched subcategories were regulation of cellular process, regulation
of isotype switching, lens development in camera-type eye, and regulation of biologi-
cal process (Figure 7A). Unlike the downregulated phosphosites, the enrichment results
for proteins with upregulated phosphosites yielded distinct functional characteristics in
both the Molecular Function and Cellular Component categories. Notably, DNA binding
emerged as the most significantly enriched Molecular Function term, followed by nucleic
acid binding. Within the Cellular Component category, the top five enriched terms were
host cellular component, host intracellular region, host intracellular part, host cell part, and
host intracellular membrane-bounded organelle (Figure 7B).

Figure 7. Gene Ontology functional enrichment analyses of proteins with differentially regulated
phosphosites. (A) GO-based enrichment analysis of proteins with upregulated phosphosites in the
pK−/EGFP+ and WT FHV-1 groups. (B) GO-based enrichment analysis of proteins with downregu-
lated phosphosites in the pK−/EGFP+ and WT FHV-1 groups. (C) GO-based enrichment analysis of
proteins with upregulated phosphosites in the TK−/EGFP+ and WT FHV-1 groups. (D) GO-based
enrichment analysis of proteins with downregulated phosphosites in the TK−/EGFP+ and WT
FHV-1 groups.
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We next extended this analysis to the TK−/EGFP+ and WT FHV-1 comparison. For
phosphoproteins with downregulated sites, GO enrichment again showed category-specific
patterns. Nucleoplasm represented the most significantly enriched Cellular Component,
with nuclear lumen ranking second. In parallel, regulation of cellular process and reg-
ulation of biological process were the primary terms enriched in the Biological Process
category (Figure 7C). Conversely, proteins with upregulated phosphosites in this com-
parison displayed a contrasting functional signature. Specifically, the top three enriched
Biological Process terms were chromatin organization, protein-DNA complex organization,
and regulation of nucleobase-containing compound metabolic process. Meanwhile, the top
four enriched Cellular Component categories were intracellular non-membrane-bounded
organelle, non-membrane-bounded organelle, nucleus, and chromosome (Figure 7D).

To further explore the roles of differentially phosphorylated proteins and to uncover
the molecular mechanisms underlying FHV-1 intercellular transmission, we used the Kyoto
Encyclopedia of Genes and Genomes (KEGG) for pathway enrichment analysis. This
approach identified distinct signaling and regulatory pathways across the mutant strains.
A comparative analysis of viral mutants revealed distinct mechanisms of host manipula-
tion. While the pK−/EGFP+ strain exhibited significant enrichment of the spliceosome
pathway, implicating severe disruption of post-transcriptional regulation (Figure 8A), the
TK−/EGFP+ mutant induced a major reprogramming of the host epigenetic landscape.
This was evidenced by significant enrichment of the ATP-dependent chromatin remodeling
pathway (Figure 8B), a feature markedly less pronounced in the pK−/EGFP+ strain.

Figure 8. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the differentially
expressed proteins. (A) KEGG enrichment analysis of differentially expressed proteins in the compar-
ison between the pK−/EGFP+ and WT FHV-1 groups (B) KEGG enrichment analysis of differentially
expressed proteins in the comparison between the TK−/EGFP+ and WT FHV-1 groups.

4. Discussion

FHV-1 mutants with deletions in the pK or TK genes have been previously constructed
and characterized in vitro [8,27]. In the present study, we also generated pK− and TK−
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deletion mutants and systematically characterized their biological properties. Our results
recapitulated the established phenotype of the pK− and TK− mutant; the pK− mutant
produced smaller plaques and exhibited slower replication kinetics than the TK− mutant.
These are likely linked to its function in mediating nucleocapsid nuclear egress. Therefore,
pK plays a critical role in promoting viral replication.

Viral replication emerges from complex host–pathogen interactions, with phospho-
rylation events orchestrated by protein kinases comprising a major regulatory axis in
this process. The mechanistic basis by which the protein kinases pK and TK regulate
phosphorylation during FHV-1 infection remains unclear. In this study, we systematically
analyzed differentially regulated protein phosphorylation events following infection with
distinct FHV-1 mutants to construct a comprehensive phosphoproteomic landscape. Our
analysis identified 126 downregulated phosphorylation sites in the pK− mutant and 134 in
the TK− mutant. Next, we performed a functional enrichment analysis on proteins with
differentially regulated phosphorylation.

The pK− mutant profoundly reprograms the host cellular environment, primarily
by disrupting central gene regulatory machinery and activating immune-inflammatory
pathways. Among these, the most pronounced alteration was observed in the spliceosome
pathway. Consistent with this, we observed a concomitant shift in the phosphorylation
status of key regulators of host gene expression and inflammation, such as Ess-2, CDK13,
and STAT5A.

Ess-2 is an RNA-binding protein primarily involved in pre-mRNA splicing, a crucial
step in the regulation of gene expression [28]. Notably, recent studies have shown that many
viral infections lead to the reprogramming of host cell splicing, which can be attributed to
direct viral manipulation, virus-induced immune responses, or cellular damage [29–31].
A well-established example of this viral strategy is the HSV-1-encoded protein ICP27,
which interacts with SAP145, a critical component of the U2 snRNP complex within the
spliceosome [32]. This interaction promotes the nuclear export of viral and select host
transcripts, thereby facilitating viral replication and contributing to host shutoff. In line
with these documented virus–spliceosome interactions, our findings are consistent with
the notion that the host splicing machinery is involved in FHV-1 infection. Nevertheless, a
direct functional characterization of Ess-2 in FHV-1 replication and host interaction remains
essential. Beyond Ess-2, another key regulator of splicing is the kinase CDK13. CDK13
controls cell proliferation and differentiation by regulating key steps in gene expression [33].
Specifically, the RS motif in its N-terminal domain mediates interactions with spliceoso-
mal components [34]. Furthermore, CDK13 controls splicing efficiency and fidelity by
phosphorylating key splicing factors, thereby modulating their activity, localization, and in-
teractions. However, it remains unknown whether CDK13 phosphorylation is functionally
relevant to FHV-1 infection.

STAT5A transduces extracellular signals to the nucleus and directly regulates the
expression of specific target genes. This transcriptional activation is strictly dependent on
phosphorylation at two critical residues: Tyr694 and Ser726. Phosphorylation of Tyr694
enables STAT5A to translocate into the nucleus and bind DNA [35]. Phosphorylation at
Ser726 further amplifies the transcriptional activity of STAT5A, ensuring robust expression
of its target genes [36]. In the absence of Ser726 phosphorylation, STAT5A’s ability to
drive gene transcription is significantly compromised, even when Tyr694 is phosphory-
lated. BCLAF1 (Bcl-2-associated transcription factor 1) is a multifunctional nuclear protein
that was originally identified through its interaction with the adenoviral Bcl-2 homolog
E1B19K [37]. Subsequent studies have revealed the extensive roles of BCLAF1 in various
processes, ranging from the DNA damage response (DDR), pre-mRNA splicing, and T
cell activation to lung development, muscle cell proliferation/differentiation, autophagy,

30



Vet. Sci. 2025, 12, 1185

ischemia–reperfusion injury, and viral infection [38]. Moreover, emerging evidence identi-
fies Bclaf1 as a host factor involved in anti-herpesviral defense, which is strikingly targeted
by multiple viral components. The betaherpesvirus human cytomegalovirus (HCMV)
employs multiple viral components—including the proteins pp71 and UL35, as well as a
microRNA—to reduce cellular Bclaf1 levels [39]. However, whether Bclaf1 plays a role in
alphaherpesvirus infection and the molecular mechanism of its antiviral activity remains
to be elucidated.

In contrast to the pK− mutant, which primarily impacted the ‘Spliceosome’ and ‘DNA
replication’, the TK− mutant was more strongly associated with the activation of pathways
including ‘ATP-dependent chromatin remodeling’, ‘Wnt signaling’, and ‘Neurotrophin
signaling’. This indicates that distinct viral mutations influence the host through different
molecular mechanisms. Furthermore, a group of molecules—including SMARCA5 and
RSF1—which are linked to the ATP-dependent chromatin remodeling pathway and exhibit
altered phosphorylation, merits future study.

SMARCA5 serves as the catalytic ATPase subunit in the ISWI family of ATP-dependent
chromatin remodeling complexes. It utilizes energy from ATP hydrolysis to mediate short-
range nucleosome sliding along DNA [40]. During infection by large DNA viruses such
as HCMV and adenovirus, SMARCA5 is recruited to viral replication centers, where it
facilitates viral genome replication—likely by maintaining chromatin structure around
replication forks through its nucleosome remodeling activities [41,42]. During infection by
viruses like HSV-1 or IAV, nuclear phosphorylated RPSA recruits SMARCA5, a process that
enhances chromatin accessibility at NF-κB target gene promoters and facilitates the tran-
scription of pro-inflammatory cytokines [43]. The RSF complex, an ISWI-family chromatin
remodeler, uses energy derived from ATP hydrolysis—catalyzed by its SNF2H subunit—to
slide nucleosomes along DNA [44]. This repositioning alters nucleosome arrangement
while preserving their structural integrity. The RSF complex possesses ATP-dependent
chromatin remodeling activity. It slides nucleosomes to expose or mask DNA regions,
thereby regulating transcription factor binding and gene expression [45]. During HPV in-
fection, the RSF complex (comprising RSF1 and SNF2H) is recruited by the viral E2 protein
to participate in viral chromatin regulation, thereby potentially influencing the balance
between viral gene expression and silencing [46]. Therefore, further investigation into the
relationship between FHV-1 replication and the RSF complex is warranted to advance our
understanding of viral replication mechanisms.

Although our study focused on F81 cells infected with various FHV-1 mutants, the
vast majority of identified proteins exhibit highly conserved sequences and functions across
species. Thus, these findings may be broadly relevant to phosphorylation studies in other
mammalian cells infected with related viruses.
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Simple Summary: Orthodontic implants (OIs) are titanium screws inserted into the maxilla
or mandible to serve as anchorage for moving teeth, which are often confused with dental
implants. This article will provide a comprehensive comparison of the two types of screws
used in dentistry, and three representative cases illustrating indications for the use of OIs
in veterinary dentistry. Frequently, OIs are used to move the lower incisors lingually or
to move the upper canines backwards. Moreover, their use extends to palate surgery,
with screws used to hold a custom-made shield in place. This article will cover topics
regarding the selection criteria, the best sites for insertion, the techniques for insertion and
removal, and their possible complications, along with the prevention and management of
said complications.

Abstract: Orthodontic implants (OIs) are endosseous devices designed to provide stable
skeletal anchorage in orthodontic treatment. A variety of terms have been proposed for
these devices; however, such terminology may lead to OIs being confused with conven-
tional dental implants. Therefore, the similarities and distinctions between OIs and dental
implants will be examined in this research. Three representative clinical cases will be
presented, illustrating the application of OIs for mandibular incisor teeth lingualizations,
distalization of a maxillary canine tooth, and palatal flap protection for palatoschizis closure
in a cat, describing a custom-made protection shield held in place with four OIs. This article
will cover the criteria for OI selection, the determination of optimal insertion sites, and the
placement technique. Given that a key prerequisite for a successful outcome is primary
stability, several complications may occur such as local inflammation, injury to adjacent
anatomical structures, implant fracture, loss of stability, or challenges in attaching elastic
chains due to interference from surrounding soft tissues. The prevention and management
of such complications will be addressed.

Keywords: veterinary orthodontics; orthodontic implants; dogs; cats; veterinary dentistry

1. Introduction

Malocclusions in veterinary dentistry are frequently encountered [1–4], and owners are
increasingly requesting orthodontic treatments. Head conformation impairments in dogs
can be classified into three groups: mesocephalic, dolichocephalic, and brachycephalic [5].
The mesocephalic conformation forms the reference group, as this conformation is encoun-
tered in wildlife and is considered normal, even in humans. Dolichocephalic heads are
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long and narrow, as in Greyhounds or Border Collies, and brachycephalic breeds, the most
representative being the French Bulldog, typically have short and broad muzzles, and often
exhibit a high incidence of dental pathologies. In mesocephalic dogs, the maxilla is slightly
larger than the mandible, with the maxillary incisor teeth overlapping the mandibular
ones. Other occlusal keys are present in canines, where the tips of mandibular canine teeth
are located midway between the third incisor tooth and the maxillary canine tooth. The
maxillary premolars are buccally situated, presenting interdigitation, with the maxillary
teeth occluding rostrally to the mandibular ones. The maxillary fourth premolar occludes
on the buccal side of the mesial cusp of the mandibular first molar, and the molars have
occlusal surfaces, which favors the crushing of food [5]. Human dentistry recognizes three
classes of malocclusion, as classified by Edward Hartley Angle, who is considered the
father of modern human orthodontics [6]. Class I refers to eugnathic occlusion, described
as the reference occlusion in mesocephalic heads, and refers to a mesiodistal relationship
between the first molars in humans, or carnassials in veterinary dentistry. Malocclusions
occur in varying forms; thus, Dewey [7] and Anderson [8] further categorized Class I into
five types of malocclusions:

1. Dewey type 1—incisors crowded and/or canines lingually positioned;
2. Dewey type 2—incisors protruding;
3. Dewey type 3—edge-to-edge contact and/or anterior crossbite;
4. Anderson type 4—uni-/bilateral posterior crossbite;
5. Anderson type 5—mesioversion of the first permanent molar (the occlusal key for

human orthodontics) due to premature extraction of deciduous teeth.

Class II refers to mandibular distocclusion, where the mandible is retrognathically
positioned to the maxilla [9]. Class II is also divided into two subclasses:

1. Type 1—the maxillary central incisors are palatally inclined and may be overlapped
by the maxillary lateral incisors.

2. Type 2—a deep overbite and a broad maxillary arch.

Class III refers to mandibular mesiocclusion, where the mandible is situated anterior
to the maxilla [10], and is divided into three classes:

1. Type 1—the dental arch is abnormally shaped;
2. Type 2—the mandibular teeth are lingually oriented;
3. Type 3—the maxillary teeth are palatally oriented palatally.

For veterinary dentistry, the AVDC has established categories for symmetrical and
asymmetrical skeletal malocclusions [11]. There are three classes for symmetrical skele-
tal malocclusion: Class I, referring to eugnathic occlusion, but with some teeth rotated
or malpositioned, Class II, referring to mandibular distocclusion; and Class III, refer-
ring to mandibular mesiocclusion. In cases of no apparent discrepancy between the
jaws, the symmetrical skeletal malocclusions in these three classes are known as den-
tal malocclusions. Asymmetrical skeletal classes are recognized under Class IV maloc-
clusions and include maxilla–mandibular asymmetry in the rosto-caudal, side-to-side,
or dorso-ventral directions.

Orthodontics in veterinary dentistry typically addresses Class I dental malocclusions,
characterized by malpositioned incisor and/or canine teeth. Conventional orthodontics
involves the movement of teeth with the support of adjacent teeth or with the use of extrao-
ral devices [12]. Extraoral anchorage has historical significance in human dentistry, but it is
not applicable in veterinary dentistry. Every tooth movement requires an anchorage that
enables correct tooth movement and must not be displaced during orthodontic treatment.
In veterinary dentistry, however, the surgeon cannot control the behavior or biting force of
the animal, so reliable approaches to achieve these goals are needed.
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OIs are endosseous devices designed to provide stable skeletal anchorage in orthodon-
tic treatment. Although they do not have a unique definition in the literature, they are
synonymous with mini-screws, mini-implants, and micro-implants [13,14]. The ISO 16443
(Dentistry—Vocabulary of Oral Implantology) [15] specifies terms and definitions for dental
implants, instruments, and accessories, as well as the most commonly used clinical terms
in the field of dental implantology. According to its definitions, a DI, or dental implant, is
defined as a device primarily designed to be placed within, through, or upon the bones
of the craniofacial complex to support and to resist displacement of a dental prosthesis,
replacing missing teeth. An OI, by contrast, is a device specially designed to be placed
through the bones of the craniofacial complex with the primary purpose of providing
anchorage for an orthodontic appliance [16]. Unlike conventional orthodontic mechanics,
which depend on the support of adjacent dental units and may consequently result in
undesired tooth movement or anchorage loss, OIs offer a direct and predictable alternative.
Thus, local anatomical conditions accompanied by insufficient dental support for stable
orthodontic anchorage are indications for the use of OIs. In human orthodontics, they
offer a reliable anchor in edentulous areas or in cases of periodontal disease. In veterinary
dentistry, periodontal disease is less likely to be present, as orthodontic treatment typically
occurs at an early age. While the utility of DIs in small animals is still questioned, OIs are
beginning to be used more frequently. Kanomi [17] designed titanium OIs with a diameter
of 1.2 mm and a length of 6 mm, which first entered the market in 1997. Titanium was
chosen to enhance the anchorage, as it was widely used for DIs due to its biocompatibility
and ability to prevent infections [18].

Palatoschisis in cats and dogs is a life-threatening condition with a multifactorial
etiology [5,19]. Several surgical techniques have been described for closing this palatal
defect in correlation with the following dimensions: narrow congenital hard palate clefts
may be rectified with the medially positioned flap technique [5,20,21], and for wider hard
palate clefts, the overlapping flap technique ensures tension-free closing of the palatal
defect [5,22,23]. The hard palate may either be addressed in one session together with the
soft palate, or the two procedures may be undertaken separately. When the palate defect
is wide, the lack of bony support may be challenging for flap positioning, threatening its
survival. Moreover, as a cat’s tongue has numerous filiform papillae [24], it may scrape
the flap where there is no underlying bony support, which may compromise the surgical
results. Given these aspects, the authors designed a customized shield to protect surgical
flaps from abrasions caused by tongue papillae. This custom-made shield was held in place
with the help of four OIs. The materials and methods will be described and discussed later
in this article.

The literature on human orthodontics is abundant on this topic; however, veterinary
dentistry lacks information. Thus, the aim of this article is to present retrospective case
series with OIs’ indications, techniques, characteristics, and complications—and their
prevention and management—regarding the use of OIs in veterinary dentistry, placing it
within the context of findings from human dentistry.

2. Materials and Methods

Twelve cases were selected in which OIs were used for orthodontic reasons in dogs,
and one case involved the use of OIs to protect a flap used in palatoschisis correction
in a cat. Inclusion criteria for the cases for malocclusion were class I malocclusion. All
patients had permanent dentition, with ages ranging from 5.5 months to 26 months with
a median age of 10.95 months. Gender was not considered a determining factor. Manda-
tory criteria for inclusion in the study were a proper medical condition to undergo safely
multiple general anesthetics, the owner’s willingness, as evidenced by signed informed
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consent, a discrepancy between the maxilla and mandible of less than 5 mm, and neutered
patients. A thorough preoperative medical exam and preoperative laboratory tests, includ-
ing hematology, serum biochemistry, and blood coagulation, confirmed a proper medical
condition. Every selected orthodontic case had an ASA physical status of I. Premedication
was performed with medetomidine (0.005 mg/kg i.m.) and methadone (0.5 mg/kg i.m.).
Every patient, without exception, received an intravenous catheter through which propofol
(2 mg/kg i.v.) was used to induce anesthesia. Endotracheal tubes were used to administer
inhaled anesthetics. MAC for isoflurane was 1.3%. Monitoring during orthodontic proce-
dures included evaluation of cardiac rate and rhythm, oxygenation, respiratory rate and
rhythm, body temperature, anesthetic depth, capillary refill time, oral mucosa color, blood
pressure, and analgesia. Local anesthesia was obtained with Lidocaine 2% (5 mg/kg) for a
caudal mental nerve block for OIs applied on the mandible or an infraorbital nerve block
for OIs applied on the maxilla.

Exclusion criteria were other malocclusions than rostral crossbite, rostral level bite, or
mesialized maxillary canine tooth; ASA physical status other than I; non-cooperant owner;
or refusal to neuter the patient.

In each case, extraoral photographs were captured from the frontal and both lateral
views, along with intraoral photographs at the beginning of the treatment, during and
after. The images were taken using a Huawei Mate 20 Pro, (Huawei Technologies Co.,
Ltd., Shenzhen, Guangdong, China) with the Macro function enabled, and a Smile Lite
MDP1 (Smile line, St-Imer, Swizerland) circular light device, specifically designed for
accurate dental photography. Orthodontic cases began with taking dental impressions
of both dental arches using condensation silicones. The dental laboratory then scanned
these impressions, leading to the creation of orthodontic devices through Computer-Aided
Design (CAD) and Computer-Aided Manufacturing (CAM), Exocad 2023. To facilitate
tooth movement, metallic crowns on the incisor teeth were designed with hooks on the
lingual part and inclined planes on the incisal parts. These hooks were connected to the
orthodontic implants using elastic chains, which needed to be changed every two weeks.
At the end of the treatment, the orthodontic devices were cemented in place and removed
using tungsten cylindrical burs and ultrasonic scalers.

Osstem produced the OIs used in the procedure and were manufactured in Busan,
South Korea. The surgical kit utilized for implant insertion was provided by the manu-
facturer and included a pilot drill, hand drivers of varying lengths, handpiece drivers of
different dimensions, and heads designed to fit various shapes of OIs.

All OIs were placed without angulation with the hand driver after pilot drilling. In
eleven of these cases, OIs were used to lingualize the mandibular incisor teeth, and in one
case, the OIs were used to distalize a maxillary canine tooth. All of the dogs included in this
study were neutered. Eight cases presented a rostral cross-bite, and three cases presented
a rostral level bite. Two cases, one for each indication, were selected to illustrate the use
of OIs in dogs for orthodontic purposes, with the third case presenting the use of OIs for
protecting the flap in palatoschisis management in a four-month-old cat, thus enlarging the
range for OI indications.

OIs insertion involved the following steps:

1. Dental X-ray of the mandibular premolar teeth to determine the precise localization
of the OI.

2. Regional nerve block.
3. Pilot drilling in cortical bone.
4. Dental X-ray.
5. Insertion of the OI.
6. Final dental X-ray.
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Dental X-rays were obtained using phosphor plates, which allowed images to be
transferred to a computer via a scanning device (indirect digital radiography). The size of
the plates used was either 2 or 4, depending on the breed and dimensions of the head. Both
parallel technique and bisecting angle technique were utilized during the X-ray process.
Dental X-rays were taken to accurately determine the diameter of the OIs, localize them
precisely, verify their correct placement, and ensure that the OIs did not interfere with the
dental roots.

Every case was checked visually/taking pictures every two weeks, and if needed
(more tooth movement required), elastic chains were changed under general anesthe-
sia. A four-month-old cat was presented with a wide congenital cleft of the hard palate
(palatoschisis). Firstly, surgery was performed on the hard palate, and after six months it
was performed on the soft palate. In the surgical approach for the hard palate, the over-
lapping technique was used. A dental impression was taken with condensation silicone.
A model of polymethylmethacrylate (PMMA) was made immediately and isolated with
medical Vaseline. On the model, a 1:1 PMMA plaque was made on the entire hard palate.
The protection shield was applied at a distance of approximately 2 mm from the flap to
avoid pressure to the flap, and it was carefully polished. Four holes were made in the
corners using a diamond bur with a diameter of 1.4 mm, allowing for OI placement. OIs
that were 1.4 mm in diameter and 10 mm in length were inserted to protect the flap. As the
OI heads were button-headed, the surgeons applied a colored photopolymerized composite
on them in order to avoid hurting the tongue and to allow regular feeding. The OIs with
the PMMA plaque were removed two weeks later.

OI removal is a straightforward procedure, made under general anesthesia, and does
not require local anesthesia. OIs are removed by twisting them in the direction opposite to
insertion with the same screw that were inserted.

3. Results

3.1. Case 1—Lingualization of Mandibular Incisor Teeth

A small-breed dog, aged five and a half months, was presented for a rostral crossbite.
Preoperative laboratory tests and the medical examination revealed no contraindications for
undergoing multiple general anesthetics. A classic dental impression of the dental arches
was made using condensation silicones. The dental laboratory scanned the impression and
proceeded with the CAD/CAM of the future orthodontic device. Both the mandibular
and maxillary incisor teeth had metallic crowns with inclined planes on the incisal edges.
The mandibular crowns were designed with lingual hooks to facilitate the attachment of
elastic chains. The metallic crowns were cemented onto the teeth without any mechanical
or chemical surface treatment—only simple drying of the crowns was performed. Two
button-head orthodontic implants (OIs) were placed buccally between the roots of the
mandibular fourth premolars (308 and 408). The diameter of the OIs was determined by
subtracting 2 mm from both sides of the dental roots at the chosen localization between the
roots. Measurements were taken from the tip of the premolar’s median cusp. For extra-
small breeds, a minimal diameter of 1.2 mm is recommended, with dimensions increasing
according to available bone. For a diameter of 1.4 mm, a minimum of 5.4 mm between the
dental roots is required for proper insertion without risking their damage. In this case, the
OIs measured 1.4 mm in diameter and 6 mm in length. They were inserted perpendicular to
the mandible, without angulation. The jaw width was measured with a device to estimate
the required length. After pre-drilling with the appropriate hand driver for button heads,
the OIs were inserted to achieve primary stability, ensuring they were not too close to the
cortical bone or exerting pressure on the soft tissues.
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A two-week follow-up showed the occurrence of the occlusal jump and the correction
of the rostral crossbite, with no need to change the elastic chains. This arrangement was
maintained for two months to stabilize the results. At the end of the maintenance period,
the orthodontic device was removed. A follow-up after two years revealed that the results
were stable, with no changes in the color or morphology of the crown surfaces. Some
aspects described are illustrated in Figure 1.

Some of the aspects described are illustrated in Figure 1.

 
Figure 1. (a) Clinical view of the rostral crossbite. Note the inversed occlusion between 102, 101,
201, 202 and 302, 301, 401, 402, 403. The dental units were in contact. (b) Clinical view at the end of
the orthodontic treatment. (c) Clinical view of the elastic chains attached to the OI—right side view.
Note the lingual hooks from the lingual side. (d) Clinical view of the elastic chains attached to the
OI—left side view. Note the lingual hooks attached to the button head OIs. (e) Radiological view of
the inserted OI—right side view. (f) Radiological view of the inserted OI—left side view.

3.2. Case 2—Mesially Displaced Canine Tooth in a Medium-Size-Breed Dog

The dog exhibited lingualization of tooth 304, along with mesialization of tooth 204.
In this case, considering the size of the canine root, two orthodontic implants (OIs) were
placed: one in the zygomatic arch, parallel to tooth 208, and another between teeth 207
and 208 along the dental arch. The maxillary canine had a metallic collar that was one
centimeter high, featuring two buttons on the labial side and one hook on the distal side of
the crown. The buttons connected to the OI from the zygomatic arch, while the hook linked
to the OI situated between teeth 207 and 208, using elastic chains. These elastic chains were
changed every two weeks, three times. The mandibular canine required labioversion, so an
orthodontic device was designed to apply forces from the lingual side to the labial side.
This device in the mandibular arch consisted of two metallic collars on the mandibular
canines, connected to a lingual component that included an orthodontic expanding screw.
The expanding screw was activated each time the elastic chains were changed. Once there
was sufficient space for the tip of the crown of tooth 304 to be positioned between teeth
203 and 204, through the distalization of tooth 204 and the labioversion of tooth 304, the
occlusion of tooth 304 was normalized. All our orthodontic cases had maintenance interval
of eight weeks. Several key aspects of this case are illustrated in Figure 2.
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Figure 2. (a) Clinical view of the narrowed space between 203 and 204, and palatally displaced 304,
impinging the palatal mucosa. (b) Clinical view at the end of the orthodontic treatment. (c) Clinical
view of the orthodontic devices: a collar with two labial buttons and a distal hook, placed on the 204
and two OIs—one mesial and one buccally placed to 208. (d) Elastic chain placed on a labial button
on 204 and colored light cured composite placed on the buttons to avoid trauma of the soft tissues.
(e) Dental X-ray of the two OIs.

3.3. Case 3—Congenital Cleft Palate in a Cat

A four-month-old domestic short-haired cat was presented with large palatoschisis.
Given the anatomy of a cat’s tongue, the primary concern was the post-surgery period
and the abrasive effect of the tongue that would impinge on the healing process by com-
promising the flap. The surgical team designed a custom-made protection shield made of
PMMA to be applied for two weeks, enabling primary healing of the flap. The protection
shield was placed 2 mm from the flap to prevent pressure on the flap and necrosis. It was
held in place for two weeks with the help of four OIs. The OIs were selected, and the
10 mm length was calculated by taking into account several factors: the width of the flap,
the distance from the shield to the flap, the shield’s width, and a minimal anchor on the
palatal bone. At two weeks post-surgery, the custom-made shield was removed, revealing
granulation tissue, and the intact sutures. There was no presence of necrotic tissue. By
three months after the surgery, the palatal mucosa was keratinized and fully healed. A
two-year follow-up confirmed complete closure of the hard palate. The confirmation was
obtained clinically and through a computed tomography scan. Although the scan was
initially obtained to assess an inner ear pathology, it was also shared with the maxillofacial
team for further evaluation. Several key aspects of the case are presented in Figure 3.

3.4. General Results

All OIs constituted a reliable anchorage system, facilitating precise and controlled
orthodontic tooth movement. None of the cases presented infection or mobility issues, and
primary stability was achieved in all cases. OIs that were used to maintain the results in
the palate surgery remained in place, offering good stability for the protection shield.

None of the cases at the end of the orthodontic treatment and at two-year follow-up
point showed pink or any other staining. Intra-vitam pink teeth were not associated with
the use of OIs.
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Figure 3. (a) Clinical view of the cleft palate in a four-month-old domestic short-haired cat. Note
the wide palatal defect. (b) Intraoral view of the cleft palate treated using the overlapping technique.
(c) Impression made with putty condensation silicone. (d) Protection shield applied intraorally with
four OIs. (e) Clinical view of the surgical field at two weeks from after palate surgery. (f) Clinical
view of the palate three months after surgery. (g) CT image of the hard palate two years after surgery.
(h) Clinical view of the palate two years after surgery.

4. Discussion

The three cases presented summarize the primary indications for OIs in veteri-
nary dentistry.

An OI has an endosseous part, a head, a transmucosal part, a body, and a tip. Classifi-
cation of OIs is made regarding head design (button vs. bracket), diameter (varying from
1.2 to 2 mm), length (5 to 12 mm), body design (cylindric or tapered), transmucosal profile
(from 0 to 3 mm), insertion technique (self-drilling and pre-drilling), thread orientation
(clockwise or anti-clockwise), the alloy used for manufacturing them (titanium alloy or
stainless steel), and sterility (sterilized or non-sterilized) [13]. The OIs used for obtaining
the needed results were made of titanium, were sterilized, were button-headed, had a
clockwise thread orientation, and had a transmucosal profile measuring 2 mm. The choice
of design for the head was based on its scope, to ensure correct placement of the elastic
chains. Moreover, the button head design was chosen as it is less traumatic to nearby
mucosa. The manufacturer offered other designs, which ultimately were not chosen.

When choosing the OI, one should consider bone availability and the presence of a
two-millimeter distance to nearby dental roots [25]. Dental X-rays taken before, during,
and after OI insertion are taken to provide their precise location, indicating insertion sites
at a distance from anatomical structures that would be damaged if OIs were inserted in
them. The most commonly used sites in veterinary orthodontics are situated between the
mandibular premolar roots, in the buccal side. If OIs are inserted lingually, not only is
the OI insertion technique highly complex but also traumatic injury of the tongue and
underlying tissues can occur. The length and diameter of an OI must correspond to the
available bone volume. Thus, smaller breeds require OIs of smaller lengths and diameters
than larger breeds, and each case should be approached individually.

As OIs are sometimes confused with DIs and lack precise differentiation, the authors
have synthesized the differences between these two dental devices in Table 1 [15,26–28].

Primary stability (PS) in OIs refers to mechanical stability immediately after OI inser-
tion. OIs are only measured via PS, by attempting to move the OI laterally with a tweezer,
during which the OI should not exhibit any movement. By contrast, DIs are measured
via the Implant Stability Quotient (ISQ), which can be measured at every moment of a
DI’s life [4,29,30]. PS depends on various factors, including bone density, cortical width,
thread design, and diameter and length of the OI, as well as a correct and clean insertion
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technique [16]. If the OI presents mobility, it should be removed, as it does not offer reliable
stability for tooth movement. Inserting the OI perpendicularly into the cortical bone usually
ensures the PS is needed.

Table 1. The main differences between OIs and DIs.

Characteristics OI DI

1. Purpose Anchorage Replacing missing tooth

2. Time in the oral cavity Limited period of
time/months

Extended period of
time/years

3. Osteointegration Not necessary Mandatory

4. Dimensions Smaller Larger

5. Diameter 1.2–2.0 mm 3 to 7 mm or more

6. Length 5–12 mm 6–25 mm

7. Coronal part Button/Bracket Cylindrical/conical form

8. Localization Outside the dental arch On the dental arch

9. Associated
inflammation

Minimal local
inflammation Periimplantitis

10. Stability
measurement Approximation Precise measurement/ISQ

11. Types of stability
needed Primary stability needed Every moment of a DI’s life

needed

12. Acceptance in
veterinary dentistry Accepted Questionable

13. Surface treatment None Yes

14. Price Low High

Increasing the torsional force during OI insertion may lead to bending or fracture of
the OI [16]. Kim et al. [31] investigated the issue of whether to insert OIs via drilling or
not, as well as the relationships between OI dimensions and PS, and long-term results and
complications. Even though PS is increased if an OI is inserted without drilling, studies
recommend the use of a pilot drill [32]. The risk of OI fracture is very high if inserted
without pre-drilling, with OIs usually fracturing at the least resistant part, at the joint
between the head and body in the cervical region [32]. If the site is not predrilled, the OI
can be displaced into the soft tissues, which complicates its removal. When predrilling,
it is necessary to drill in a steady, correct direction, which is, in a great majority of cases,
perpendicular to the cortical bone. Otherwise, if the hand moves while drilling, the resulting
cavity will be larger, compromising PS when inserting the OI. Pilot drilling is also reported
to reduce microdamage to the cortical bone [15,32].

Additionally, excessive OI loading can induce osteolysis and lead to OI mobility.

42



Vet. Sci. 2025, 12, 1169

Another essential aspect is the placement level of the OI head. It is necessary that
the head remains above the soft tissue and does not penetrate the bone or come into close
contact with it. Otherwise, if these complications occur, it then becomes difficult to insert
elastic chains and keep them in place. Regarding the distance from the nearby teeth, 2 mm
of bone should be present between the OI and the teeth [31].

Removing OIs is not a complicated procedure; however, the surgeon must know the
orientation of the threads, as there are different systems containing threads oriented to the
right or to the left. Thus, the thread orientation should be noted in the medical records so
that when removing the OIs, high force should not be applied, thus avoiding fractured OIs.

Management of a fractured OI typically involves incision and small-bone drilling
around the OI to facilitate extraction. The authors do not recommend leaving a fractured
OI in place, as it may cause a foreign body reaction.

Another complication that may arise with regard to OIs is mucosal inflammation. In
our study, inflammation in cases of OIs in small animals was minimal and resolved after
the OIs were removed.

Regarding the use of OIs in patients with periodontal pathology, one should pay atten-
tion to the force applied, as the alveolar bone is smaller in volume in patients affected by
periodontal disease. Applying pressure to the affected periodontal ligaments and alveolar
bone may lead to gingival recession, dental mobility, or even tooth loss [31]. It is important
to note that in human dentistry, periodontal therapy precedes orthodontic treatment. Only
after achieving the necessary health status of the periodontal structures and maintaining
the results for a specified period is the orthodontic treatment initiated. If oral hygiene is
poor and the results of periodontal therapy are weak, orthodontic treatment should not be
initiated. However, in veterinary dentistry, this rule is hard to implement. The animal lifes-
pan is shorter, and all procedures are performed under general anesthesia. If periodontal
treatment with guided bone regeneration is performed in small animals before orthodontic
treatment, the results remain questionable, and any periodontal problems are enhanced by
abnormal forces applied to the periodontal ligaments due to malpositioned teeth. Plaque
accumulation is favored by malpositioned teeth [33,34], making self-cleaning harder to
manage. Nevertheless, the principle in human orthodontics to achieve periodontal stability
before initiating orthodontic treatment [35] does not apply in veterinary orthodontics; thus,
a small animal patient with periodontal issues is excluded from orthodontic treatment.

Other complications associated with OI insertion have been widely documented in
human medicine [36]. One significant complication that can be prevented is damage to
the dental roots. By carefully examining and calculating the dimensions via dental X-rays,
one can insert an OI precisely without damaging the roots, thereby avoiding potential
negative consequences in the long term. In human dentistry, pink staining due to internal
resorption that occurs in conjunction with orthodontic treatment has been reported [37]. In
veterinary dentistry, the appearance of an intra-vitam pink tooth was reported as a result
of a DI insertion in a dog [38]. Human studies have documented that pink staining implies
higher insertion forces when the OI is inserted into the roots compared to OI insertions not
involving any root [39,40]. Radiographs taken before and during the procedure associated
with the 2 mm rule can serve to ensure an insertion without damaging the nearby dental
units. In our study, none of the cases treated with OIs at the end of the orthodontic treatment
showed any staining of the dental crown.

Regarding the perforation of the nasal floor in the presented case of the cat, the healing
was spontaneous without any oronasal fistula. The length of the OIs was 10 mm; the plate
had a width of 2–3 mm and was placed at a distance of 2–3 mm from the flap. The flap
was approximately 3 mm thick, and the nasal cavity was not perforated. Each OI was only
inserted in the cortical bone of the palate, with the distribution of the four OIs ensuring
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stability of the protection shield. Similarly, human dentistry has reported spontaneous
healing of the maxillary sinus in cases of perforation smaller than 2 mm [41].

A traumatic soft tissue injury to the buccal adjacent mucosa, which appeared as a kiss-
ing ulceration, was self-limiting and resolved by applying a colored-light-curing composite
on the head of the OI without bonding. Thus, the composite was easily removed, and the
head of the OI was not damaged during the change in elastic chains. This protocol, which
utilizes light-curing materials, was successfully implemented in human dentistry [42].

Custom-made palatal shields have been used in human oro-maxillo-facial surgery to
protect the newly restored palate and are maintained in place without any OI, by being
applied and held in place by the adjacent teeth [43]. However, the risk of losing the shield
by anchoring it to the cat’s teeth was high, given that the cat was in the stage of transitioning
from temporary to permanent teeth. Therefore, the authors considered maintaining the
shield with the help of OIs. The OIs provided adequate protection, and healing occurred
without any fistulae. A two-year follow-up of the case revealed the growth of the palatal
bone, as seen in CT findings. Regarding the palatal growth that follows surgery, the
authors report findings similar to those of Wright et al. [44], who reported spontaneous
regeneration of a mandibular body after a mandibulectomy. The ages at which the surgeries
were performed were similar, and the finding that the palatal bone continued to grow
following cleft palate surgery confirms that even in the maxilla, the developing head
induces bony formation where it initially lacked it. The maxilla continued its development,
and no malocclusion developed as a result of cleft palate surgery repair.

The authors did not encounter any alveolar bone exostoses as reported in human
dentistry [45,46].

Distalization of the maxillary canine tooth in one case in our study required the use of
two OIs. Canine teeth are positioned in a transitional site on the dental arch, being located
on the curve that reunites the lateral parts of the dental arch with the line of incisor teeth.
The forces exerted on canine teeth are high, as noted by Zhou et al. [47]. Thus, their root
morphology has adapted to high forces, resulting in noticeable volume. High orthodontic
forces need to be applied to the canine tooth to be distalized as a result. This is the reason
why the authors preferred to use two OIs to manage canine tooth distalization.

Regarding ethics in veterinary orthodontics, all dogs were neutered and removed
from breeding if they were purebred [5,48]. The orthodontic treatment was carried out
for functional reasons rather than cosmetic ones. Misaligned teeth can retain food, lead-
ing to increased dental plaque accumulation and a higher risk of periodontal diseases
occurring earlier than in patients without dental issues. Moreover, conditions such as
level and cross-bite are traumatic occlusions that can result in pathological attrition and
complicated crown fractures over time, causing significant pain and discomfort [5,48]. The
authors adhere to the ethical guidelines of the American Veterinary Medical Association
(AVMA). The first principle of these guidelines emphasizes animal welfare as the top
priority when using orthodontic treatments in small animals. The medical team was honest
and transparent with the pet owners, presenting all potential complications that could
arise during orthodontic treatment and ensuring informed consent. They clearly explained
the potential benefits, justifying the associated risks and costs equitably [49]. The veteri-
nary team implemented the best available procedures, which were imported from human
medicine. It is widely recognized that any new medical procedures authorized for humans
should first be thoroughly tested on animals, in alignment with the one health concept.
Additionally, with a human dentist who is also a final-year veterinary medicine student
serving as a consultant, the authors believe that the patients benefited from the most recent
and validated medical techniques. The pain developed during orthodontic treatment with
OIs was not noticeable and did not require any medication to be discontinued. The risk
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of nasal perforation in the third case was present, though a precise measurement ensured
the cortical maintenance for OIs. Regarding the potential interference with craniofacial
growth during the two-week maintenance of the custom-made palatal shield, the authors
considered the risk to be minimal. Their hypothesis was later supported by the normal
development of the head and the Class I relationship observed at the carnassials level on
CT images taken two years after the surgery.

5. Conclusions

All cases involving the use of OIs had a successful outcome, without impacting dental
and periodontal tissues. The good results can be attributed to strategic case selection and a
more manageable number of cases, ensuring a higher quality of outcomes. The use of OIs
may be a reliable solution for tooth movement in veterinary dentistry.

The innovative, custom-made PMMA shield, maintained with four dental OIs, may
offer a reliable solution for the post-operative healing period when a surgical flap is exposed
to the mechanical pressure applied by the tongue and its papillae.
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Simple Summary: This case report described the effects of an oral, lyophilized capsule
fecal microbiota transplantation (FMT) treatment on a dog suffering from chronic diarrhea
following a canine parvovirus infection. Remarkably, the recipient’s diarrhea resolved
completely, and the stool consistency transitioned from a watery mucus-like state to a
solid form post-FMT. Additionally, the recipient gained two kilograms in weight. We
compared the fecal microbiomes of both the recipient and the donor, discussing our findings
regarding bacterial engraftment in the recipient. Furthermore, an increase in metabolites
(short-chain fatty acids) of the recipient was reported. Thus, oral lyophilized FMT capsules
can be a promising treatment for dogs with chronic diarrhea that did not respond to
conventional treatments.

Abstract: (1) Background: Chronic enteropathy (CE) in canines is associated with persistent
microbiome dysbiosis, and conventional therapies (e.g., special diets, antimicrobials, and
immunosuppressive drugs) are sometimes ineffective. Currently, fecal microbiota trans-
plantation (FMT) has proven successful in treating CE in canines via invasive methods (e.g.,
enemas or endoscopy) or via oral frozen liquid capsules, which must be stored at −80 ◦C.
However, due to the invasiveness of the administration methods and the storage constraints
of the liquid capsules, FMT is not widely used in veterinary clinical practice. (2) Methods:
The case of a four-year-old Siberian Husky with a three-year history of CE following canine
parvovirus infection received lyophilized FMT capsules for thirty days. Stool samples were
collected for metagenomic sequencing and quantification of fecal short-chain fatty acids
(SCFAs), both pre- and post-FMT. Blood samples were analyzed using complete blood
count (CBC) and biochemical testing. Ultrasound was used to assess the wall thickness
of the stomach, duodenum, jejunum, and colon. (3) Results: Post-FMT, improvements
in clinical outcomes were observed: fecal scores improved from 6 (unformed stools with
mucus) to 2 (formed stool), and body weight increased by 8.3% (from 24.2 kg to 26.2 kg).
Abnormal CBC and biochemical parameters were restored to reference ranges, including
hematocrit (from 60.6% to 55.7%), hemoglobin (from 208 g/L to 190 g/L), creatinine (from

Vet. Sci. 2025, 12, 909 https://doi.org/10.3390/vetsci12090909
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167 μmol/L to 121 μmol/L), and urea (from 11.9 mmol/L to 7.1 mmol/L). Ultrasound
results showed that colonic wall thickness decreased from 0.23 ± 0.03 cm (pathological)
to 0.18 ± 0.01 cm (physiological). Metagenomic analysis revealed that microbial richness
(operational taxonomic units (OTUs) from 151 to 183) and diversity (Shannon and Simpson
indices from 3.16 to 4.8 and from 0.87 to 0.94, respectively) all increased. The microbiota
composition of the recipient exhibited a decline in the relative abundance of Firmicutes,
falling from 99.84% to 35.62%, concomitant with an increase in Actinobacteria (from 0.08%
to 4.78%), indicating a convergence toward a donor-like profile. Fecal SCFAs analysis
revealed a 251.4% increase in propionate (from 0.0833 to 0.2929 mg/g) and elevated acetate
(from 0.4425 to 0.4676 mg/g). These changes are functionally linked to enriched propanoate
metabolism (Z = 0.89) in KEGG pathways. (4) Conclusions: Oral lyophilized FMT capsules
resolved clinical signs of CE, enhanced microbial diversity and richness, and restored
donor-like abundances of gut microbiota, particularly SCFA-producing taxa. Microbial
restructuring increased microbial metabolite output, notably SCFA concentrations, and
enriched functional metabolic pathways. Importantly, lyophilized FMT overcomes storage
limitations and administration barriers, demonstrating its high clinical viability for treating
canine CE.

Keywords: fecal microbiota transplantation; diarrhea; dogs; intestinal microbiome; short-
chain fatty acids

1. Introduction

Chronic enteropathies (CE) are characterized by persistent gastrointestinal symp-
toms (e.g., vomiting and diarrhea) for ≥3 weeks, concurrent with intestinal dysbiosis [1].
Conventional CE therapies focus on specific diets (e.g., hydrolyzed protein diets) [2], an-
timicrobials (e.g., metronidazole or rifaximin) [3], and immunosuppressive drugs (e.g.,
prednisone) [4]. However, these can occasionally be ineffective, resulting in relapses [5,6].
Recent studies have shown that Fecal Microbiota Transplantation (FMT) can benefit patients
by restoring intestinal microbial diversity and richness to a normal functional level [7–9].
FMT involves transferring the fecal microbiota of a healthy individual (donor) to a sick
individual (recipient) to restore the recipient’s gut microbiota [10]. FMT first attracted
attention due to its efficacy in treating Clostridium difficile infection (CDI) in humans [11].
In veterinary clinical practice, some recent reports have demonstrated the efficacy of FMT
against diseases such as inflammatory bowel disease (IBD), acute hemorrhagic diarrhea
syndrome (AHDS), and CDI in dogs [12–15]. A previous study showed that FMT can also
significantly accelerate recovery from diarrhea and reduce hospitalization time when used
as an adjunctive therapy in the treatment of canine parvovirus (CPV) [16].

Multiple studies demonstrate that treating diarrheic dogs with FMT promotes micro-
bial convergence toward donor profiles and enhances microbial diversity [17,18]. In dogs
with IBD, which is characterized by Firmicutes- and Proteobacteria-dominated dysbiosis,
FMT markedly increases the relative abundance of Fusobacteriota and drives microbial
convergence toward donor-like profiles [19]. In AHDS, FMT accelerates the restoration of
gut microbial diversity and significantly increases the abundance of bacteria (such as Fae-
calibacterium and Fusobacterium) that produce short-chain fatty acids (SCFAs) [20,21], which
play a dominant role in intestinal barrier repair and have anti-inflammatory effects [13].
Therefore, the restoration of essential SCFA-producing bacteria during the process of FMT
could benefit canines with CE.
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Compared to the widespread use of FMT in humans, reports on the application of
FMT in canine patients are limited. To date, only a few clinical veterinarians have used this
technique [22,23]. This may be because FMT administration in dogs was initially carried
out via endoscopy or enema, both of which are limited by their inconvenient and invasive
procedures [24,25]. However, recent studies have further demonstrated the efficacy of oral
frozen liquid suspension capsules in treating diarrheic canines, with comparable results to
endoscopy and enema administration [14,26–28]. However, these capsules must be stored
at −80 ◦C, which is inconvenient for pet owners. In this case, we evaluated the therapeutic
efficacy of oral lyophilized FMT capsules in a canine with CE by longitudinal monitoring
of clinic-based parameters (fecal score and body weight) and changes in gut microbiota
pre- and post-FMT.

2. Clinical Case Description

Patient History and Clinical Presentation. A four-year-old, unneutered female Siberian
Husky (named Hua Sheng) presented with chronic diarrhea and vomiting lasting three
years and was diagnosed with CE at the Teaching Animal Hospital of Sichuan Agricultural
University based on the established criterion of persistent gastrointestinal signs exceeding
three weeks [1]. According to the owner’s description, Hua Sheng was infected with
canine parvovirus at one year of age. Following the resolution of the infection, the dog
exhibited symptoms of chronic diarrhea, which have persisted to the present. Clinical
manifestations included unformed stools with mucoid discharge and intermittent vomiting
(two or three times per month). The following therapeutic interventions were administered:
oral anthelmintic therapy (praziquantel), antimicrobial treatment (azithromycin), and
systemic anti-inflammatory injections. However, only transient symptomatic improvement
was observed, with no sustained resolution of clinical signs.

FMT Capsule Preparation. FMT capsules were prepared from fecal material donated
by a 19-month-old male beagle (3.5 kg body weight), which was housed at an experimental
breeding facility in Dujiangyan City, Sichuan Province. The facility implemented strict
biosafety management practices involving daily disinfection protocols and restricted access.
The donor was fed a standardized, commercially formulated diet that complied with
the Chinese national standard GB 14924.1-2001 [29]. Prior to fecal sample collection, the
donor underwent comprehensive health assessments: (1) complete blood count (CBC) and
serum biochemistry profiles within the normal reference ranges; (2) an absence of parasites
(Cryptosporidium, Giardia and Tritrichomonas foetus) in fecal examinations; and (3) no
pathogens were detected in the screening for the three common diarrhea viruses: canine
parvovirus, distemper virus and coronavirus.

The FMT capsules were manufactured in accordance with our previously established
patent (CN118638635A) [30]. In brief, 100 g of fresh donor stool (wet weight) was ho-
mogenized with sterile physiological saline using a paddle homogenizer. The resulting
suspension was then filtered sequentially through graded meshes (30 μm; 40 μm; 50 μm) to
remove particulate matter. The filtrate was then centrifuged at 4000× g for 10 min at 4 ◦C,
and the resulting pellet was collected as the bacterial pellet. This pellet was blended with
lyoprotectants (6% trehalose, 20% sucrose, 1% PEG-3350, 1% glycerol, 1% sodium gluta-
mate, 2.5% sodium ascorbate, balance sterile water) at a mass ratio of 1:1.5 and emulsified
to homogeneity. The mixture was then lyophilized for 48 h to produce microbial powder,
which was pulverized and encapsulated in size 2 enteric-coated capsules (see Figure 1).
The final products were stored at 2–8 ◦C. The total viable bacterial cell count in the FMT
capsules is 4.11 × 108 CFU/g. Each capsule contained 100 mg of lyophilized powder,
with a viable count of 4.11 × 107 CFU per capsule. The post-lyophilization survival rate
exceeded 80%, and viability remained above 80% after 30 days of storage at 2–8 ◦C.
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Figure 1. Oral lyophilized fecal microbiota transplantation capsules.

FMT Treatment Protocol. Prior to the present case, a pilot investigation by our team
demonstrated that canines weighing kilograms or more who were given four capsules
daily achieved better outcomes than those given two capsules daily. It is important to
emphasize that this preliminary dosing strategy was exploratory and was not derived
from an established or optimized protocol. Based on these findings, Hua Sheng was given
four capsules orally each morning on an empty stomach for 30 days. CBC, biochemical
analysis, C-reactive protein (CRP), and abdominal ultrasonography were tested at the
Teaching Animal Hospital of Sichuan Agricultural University on Days 0, 15, and 30. Before
FMT treatment, the recipient underwent a four-week drug-free washout period, which
included all antimicrobials, anti-inflammatory drugs, and probiotics. During both the
treatment and follow-up phases, the recipient was fed a consistent home-cooked diet
(rabbit meat 290 g, potato 40 g, broccoli 25 g, oatmeal 25 g, bok choy 20 g, and flaxseed oil
2 g) and was prohibited from using any probiotics, antibiotics, or other gastrointestinal
medications. CBC analysis was performed on venous blood samples (1 mL) and processed
using an IDEXX ProCyte Dx analyzer to quantify erythrocyte, leukocyte, and platelet
indices. Biochemical profiling was conducted on plasma obtained from heparinized whole
blood (2 mL centrifuged at 4007× g for 3 min), with immediate quantification of alanine
aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN), and CRP
levels via an IDEXX Catalyst One system. Ultrasonography was performed by a veterinary
radiologist using a high-resolution system (GE Logiq E10 with an ML6-15-D linear probe
at 15 MHz). Triplicate measurements were taken to assess the thickness of the gastric wall
at the greater curvature (in a fasted state), the duodenal mucosa-submucosa complex in
the proximal descending segment, and the jejunal and colonic walls within fluid-filled,
non-peristaltic loops. According to the literature, the reference values for the duodenum,
jejunum, and colon are 0.3–0.55 cm, 0.24–0.48 cm, and 0.11–0.19 cm, respectively [31]. Fecal
samples collected during spontaneous defecation from dogs were cryopreserved at −80 ◦C
for metagenomic and short-chain fatty acids (SCFAs) analysis. Daily fecal morphology was
assessed using the validated Bristol Stool Form Scale (scale 1–7) [32].

FMT Efficacy Assessment via SCFAs Quantification and Metagenomic Profiling. The
concentration of SCFAs was quantified using an Agilent 7890A gas chromatograph (Agi-
lent Technologies, Santa Clara, CA, USA) according to the method described by Park HE
et al. [33]. The stool samples were homogenized by transferring an accurate weight of 0.5 g
of the sample to a 2 mL centrifuge tube. Add 1.2 mL of ultrapure water (the volume should
be proportional to the sample mass), vortex to mix, then leave to stand for 5 min at room
temperature. Centrifuge the suspension at 12,272× g for 15 min to precipitate insoluble
debris. Then, 1 mL of the supernatant was mixed with 0.2 mL of 25% (w/v) metaphos-
phoric acid solution and 23.3 μL of 210 mmol/L crotonic acid solution (the volumes were
adjusted proportionally to maintain the same ratio), incubated at 4 ◦C for 30 min, and
then centrifuged at 4007× g for 10 min. Then, 0.3 mL of the clarified supernatant was
diluted with 0.9 mL of chromatography-grade methanol (1:3 dilution ratio, adjusted to
scale), vortexed, and centrifuged at 4007× g for 5 min. The final supernatant was filtered
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through a 0.22 μm nylon membrane and loaded into a gas chromatography vial for analysis.
The conditions were as follows: HP-FFAP capillary column (30 m × 0.32 mm × 0.32 μm),
using a high-purity nitrogen carrier gas at a flow rate of 2.2 mL/min. The inlet temperature
was 250 ◦C. The oven programme started at 60 ◦C (held for 1 min), increased to 170 ◦C at a
rate of 10 ◦C/min, and then to 212 ◦C at a rate of 8 ◦C/min (held for 2 min).

Following sample quality control (QC), 500 ng of metagenomic DNA was fragmented
using the Covaris E220 system (Covaris, Brighton, UK). The fragmented DNA was then
size-selected to a range of 300–700 bp using magnetic bead-based size selection. The
selected DNA fragments underwent end repair and were ligated to indexed adapters. The
ligation products were then amplified via PCR, hybridized with exon-specific probes, and
captured using streptavidin-coated beads. The captured DNA underwent a second round
of PCR amplification and was circularized to generate a single-stranded circular (ssCir)
library. This ssCir library was then amplified using rolling circle amplification (RCA) to
produce DNA nanoballs (DNBs). Finally, the DNBs were loaded onto a flow cell and
sequenced using the DNBSEQ platform.

Metagenomic assembly and analysis. Metagenomic analyses began with a quality
assessment of the raw sequencing data using FastQC (v0.12.1). Trimmomatic (v0.39) was
then used for adapter and quality trimming with the parameters SLIDINGWINDOW:4:15
and MINLEN:99 to retain high-quality reads. Host-derived sequences were removed by
aligning the reads to the reference genome of Canis lupus familiaris (GCF_011100685.1)
using Bowtie2 (v2.5.4). The filtered reads were assembled de novo into contigs (≥500 bp)
using MEGAHIT (v1.2.9) with iterative k-mer optimization (k-min: 27, k-max: 127). Open
reading frames (ORFs) were predicted using Prodigal (v2.6.3) in metagenomic mode
(-p meta). Functional annotation was performed against the KEGG database (KOfam
release 2024) with stringent thresholds (E-value < 1 × 10−5 and coverage >70%). The
ORFs were further annotated against the eggNOG 6.0 database (covering 5635 bacterial
and archaeal taxa) using eggNOG-mapper v2.1.6 in Diamond mode to assign Clusters
of Orthologous Groups (COG) categories. MetaPhlAn4 (v4.0.2) was used to quantify
species-level relative abundance, and absolute abundance was derived by multiplying
relative abundance by sample-specific, quality-controlled read counts. Alpha diversity was
assessed using Pielou’s evenness (J = H′/ln(S)), Shannon entropy (H = −∑pi*ln(pi)), and
Simpson index (D = 1 − ∑(ni/N)2). Beta diversity was computed using QIIME 2 (v2024.2).
Visualizations were generated using GraphPad Prism (v10.0) and TBtools (v2.0).

3. Results

3.1. Clinical Outcomes
3.1.1. Hematological Parameters

Prior to FMT, CBC analysis indicated that most hematological parameters were within
the normal reference ranges (Table 1). Only four parameters were abnormal: hemoglobin
(HGB, 208 g/L), hematocrit (HCT, 60.6%), mean corpuscular volume (MCV, 74.1 fL), and
mean corpuscular hemoglobin (MCH, 25.4 pg). Post-FMT, all indicators were within
the reference ranges, with all of the previously abnormal parameters (HGB, HCT, MCV,
and MCH) returning to normal levels. Pre-FMT, biochemical profiling revealed that all
biochemical profiling and CRP levels remained within the reference ranges, except for
creatinine (CREA, 167.0 μmol/L) and urea (UREA, 11.9 mmol/L) (Table 2). Post-FMT,
both CREA (121.0 μmol/L) and UREA (7.1 mmol/L) declined, falling within the reference
ranges. Overall, FMT effectively restored all abnormal hematological and biochemical
parameters to physiological levels.
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Table 1. CBC values at baseline (T0) and post-FMT time points (T15 and T30) in the recipient.

Indicators Unit FMT-T0 FMT-T15 FMT-T30 Reference

HGB g/L 208 192 190 110–190
HCT % 60.6 55.1 55.7 39.0–56.0
WBC 109/L 11.1 8.4 10.5 6.0–17.0

Lymph 109/L 1.8 2.0 2.3 0.8–5.1
Mon 109/L 0.6 0.4 0.7 0.0–1.8
Gran 109/L 8.7 6.0 7.5 4.0–12.6

Lymph % 16.4 23.9 21.6 12.0–30.0
Mon % 5.2 5.3 6.8 2.0–9.0
Gran % 78.4 70.8 71.6 60.0–83.0
RBC 1012/L 8.18 7.53 7.58 5.50–8.50
MCV fL 74.1 73.3 72.0 62.0–72.0
MCH pg 25.4 25.4 25.0 20.0–25.0

MCHC g/L 343 348 341 300–380
RDW % 12.4 12.6 12.1 11.0–15.5
PLT 201 178 192 117–460

MPV fL 8.3 8.6 8.3 7.0–12.9
PDW 109/L 16.6 17.0 16.6
PCT % 0.166 0.153 0.159
Eos% % 4.3 8.3 3.7

Table 2. Biochemical parameters and CRP at baseline (T0) and post-FMT time points (T15 and T30) in
the recipient.

Indicators Unit FMT-T0 FMT-T15 FMT-T30 Reference

GLU mmol/L 5.82 5.75 6.06 4.11–7.95
CREA μmol/L 167.0 119.0 121.0 44–159
UREA mmol/L 11.9 6.8 7.1 2.5–9.6

BUN/CREA 18 14 14
TP g/L 68 66 66 52–82

ALB g/L 35 33 33 23–40
GLOB g/L 34 33 34 25–45

ALB/GLOB 1.0 1.0 1.0
ALT U/L 51 46 46 10–125

ALKP U/L 44 46 50 23–212
CRP mg/L 4.5 3.5 4.0 0.0–10.0

3.1.2. Fecal Score and Body Weight Recovery

As Figure 2 shows, pre-FMT, the fecal score was 6 (unformed feces with mucus). From
T0 to T5 post-FMT, the fecal score decreased to 2.5. From T5 to T20 post-FMT, there was
a fluctuating downward trend (scores 2–4), characterized by intermittent soft stools and
minimal mucus. Between T20 and T30 post-FMT, fecal score stabilized at 2 (formed feces).
Figure 3 shows the details of the change in body weight during FMT. From T0 to T5, body
weight remained at 24.2 kg. From T5 to T15, there was a moderate increase in body weight
(from 24.2 to 25.6 kg). By T30, the body weight had increased to 26.2 kg. Our results showed
that the resolution of diarrhea occurred alongside sustained weight restoration.
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Figure 2. Restoration of fecal morphology following FMT therapy in the recipient dog. (a) Dynamic
changes in fecal scores assessed by modified Bristol Stool Form Scale (range 1–7, dashed green line:
physiological threshold at score 2). (b) Fecal samples at critical time points: T0 (unformed stools with
mucus, score 6), T15 (semi-formed stools with mucus, score 4), and T30 (formed stools, score 2).

Figure 3. Body weight changes in the recipient treated with 30 days of FMT.

3.1.3. Gastrointestinal Morphology Evaluation

As Figure 4 shows, pre-FMT, the wall thicknesses of the stomach (0.33 ± 0.01 cm),
duodenum (0.51 ± 0.02 cm), and jejunum (0.43 ± 0.03 cm) were all within the reference
ranges (duodenum: 0.3–0.55 cm; jejunum: 0.24–0.48 cm). Only the colonic wall thickness
(0.23 ± 0.03 cm) was outside the reference range (0.11–0.19 cm). Post-FMT, colonic wall
thickness (0.16 ± 0.01 cm) returned to the normal range. Our results showed that FMT
effectively restored pathological colonic wall thickness to standard physiological levels.

Figure 4. Ultrasonographic measurement of gastrointestinal wall thickness during FMT treatment.
Line graphs depict changes in wall thickness (cm) of the stomach (pink), duodenum (green), jejunum
(purple), and colon (blue) at baseline (T0) and T15 and T30 post-FMT administration in the recipient
dog. Data points represent mean thickness ± SD (error bars).
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3.2. Effects of FMT on Fecal Microbial Communities
3.2.1. Microbial Composition

Figure 5 shows the dynamic shifts in the recipient of gut microbiota during FMT at
T0, T15, and T30. The relative abundances of all microbiota composition data are provided
in Supplementary Table S1. At the phylum level (Figure 5a), the donor microbiota was
dominated by Firmicutes (29.84%) and Actinobacteria (34.10%). By contrast, the recipient’s
microbiota pre-FMT exhibited extreme Firmicutes dominance (99.84%), which declined
to 35.62% at T30 post-FMT. This was concurrent with an increase in Actinobacteria (from
0.08% to 4.78%). At the family level (Figure 5b), post-FMT, the relative abundances of
Erysipelotrichaceae (from 0.06% to 4.96%), Selenomonadaceae (from 0.00% to 2.70%), unclas-
sified Firmicutes (from 0.67% to 9.30%), Coriobacteriaceae (from 0.02% to 9.30%), and Lach-
nospiraceae (from 5.54% to 16.55%) increased, while the relative abundance of Clostridiaceae
decreased from 93.22% to 0.23%, eventually approaching donor-like abundances (3.23%,
1.84%,1.87%, 33.69%, 15.44% and 1.87%, respectively). At the species level, the relative
abundances of Megamonas funiformis (from 0% to 2.7%), Allobaculum stercoricanis (from 0%
to 4.64%), Blautia hansenii (from 1.68% to 2.64%), Ruminococcus gnavus (from 0.06% to 5.31%),
and Blautia_SGB59878 (from 0.00% to 3.47%) increased and converged toward donor-like
abundances (1.84%, 2.62%, 2.10%, 2.94%, and 2.47%, respectively). Notably, genus and
species analysis (Figure 5c,d) revealed a taxonomic shift in the recipient’s dominant mi-
crobiota: Clostridium perfringens was the most prevalent species pre-FMT (92.41%), while
Collinsella intestinalis was the dominant species at T15 (42.98%), with Escherichia coli becom-
ing dominant at T30 post-FMT (59.42%). Our results showed that the relative abundance of
the recipient’s microbiota post-FMT converged toward donor-like abundances.

Alterations in microbiome composition were further manifested by the overlap of
operational taxonomic units (OTUs) between the donor and recipient. At the family level
(Figure 6a), a total of 52 OTUs were observed. Ten OTUs were shared by all the samples,
and the number of unique OTUs for the recipient at T15 (14) was higher than in other
samples. At the genus level (Figure 6b), 14 OTUs were shared by all the samples. The
number of unique OTUs for the donor at baseline and for the recipient at T0, T15, and T30
was 17, 1, 49, and 2, respectively. At the species level (Figure 6c), the number of shared
OTUs between the recipient and the donor was just 14; most OTUs were unique, with
87 unique OTUs observed in the recipient at T15. Notably, the recipient at T15 exhibited
maximal taxonomic overlap with the donor at family, genus, and species levels.

3.2.2. Diversity Analysis

As shown in Figure 7a,b, pre-FMT, the recipient’s Shannon and Simpson indices (0.49
and 0.12, respectively) were lower than the donor’s (4.18 and 0.87, respectively). At T15
post-FMT, both Shannon and Simpson indices demonstrated a peak in the recipient (3.32
and 0.75, respectively), approaching donor-like levels. Post-FMT, Shannon and Simpson
indices showed a modest decline (2.17 and 0.56, respectively), yet remained elevated
compared to pre-FMT levels. Figure 6c shows a similar trend in the observed species
of the recipient during FMT. Pre-FMT, the recipient’s microbiota exhibited low species
richness (22 OTUs), surging to 167 OTUs at T15 and exceeding donor-like levels (109 OTUs).
Post-FMT, richness declined to 44 OTUs, though this remained higher than pre-FMT levels.
From T0 to T30, the Pielou index showed a fluctuating upward trend, from 0.11 to 0.40,
approaching the donor-like level (0.62). These results demonstrate that FMT initially led
to a surge in microbial diversity and richness, followed by partial stabilization, while
achieving sustained improvement in community evenness.
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Figure 5. Analysis of intestinal microbial composition. (a) Left panel displays a heatmap of phylum-
level abundances (graded blue to purple, indicating low-to-high relative abundance). Right panel
shows a horizontal stacked bar chart of phylum composition. (b) Left panel displays a heatmap of
family-level abundances. Right panel shows a horizontal stacked bar chart of the top fifteen most
abundant taxa of family composition. (c) Left panel displays a heatmap of genus-level abundances.
Right panel shows a horizontal stacked bar chart of the top fourteen most abundant taxa of genus
composition. (d) Left panel displays a heatmap of species-level abundances. Right panel shows a hor-
izontal stacked bar chart of the top fifteen most abundant taxa of species composition. All heatmaps
and horizontal stacked bar charts include donor (baseline) and FMT timepoints (T10, T15, T30).

Figure 6. Venn diagrams showcasing the unique and shared microbiota among the donor at baseline
and the recipient at T0, T15, and T30. In the Venn diagram, the number within the overlapping circles
denotes the count of the shared OTUs. (a) Venn diagram on family level. (b) Venn diagram on genus
level. (c) Venn diagram on species level.
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Figure 7. Alpha diversity analysis: (a) the values of the Shannon index; (b) the values of the Simpson
index; (c) the values of the observed species; (d) the values of the Pielou index. The values were
shown as a blue polyline for the recipient, and the reference values for the donor are shown in
dashed green.

To further investigate differences in microbial structure between recipients and donors,
beta diversity analysis was performed at T0, T15, and T30. Principal coordinate analysis
(PCoA) showed that the first two principal coordinates (PC1 and PC2) together explained
92.50% of the beta diversity variance (Figure 8). Bray–Curtis distances showed that d3

(0.77; donor vs. post-FMT recipient) and d2 (0.40; donor vs. T15 post-FMT recipient)
were smaller than d1 (0.98; donor vs. pre-FMT recipient). These results suggest that FMT
effectively restructured the composition of the recipient’s gut microbiome, driving it toward
a donor-like profile.

Figure 8. Principal coordinate analysis (PCoA) of the beta diversity of gut microbiota.
The left panel shows the full-scale ordination of all samples (PC1 = 58.1%, PC2 = 34.4%;
cumulative variance = 92.5%). Solid lines indicate the distances d1 (donor vs. pre-FMT recipient)
and d3 (donor vs. T30 recipient). The right panel provides an enlarged view of the red boxed region,
revealing clustering of the donor and recipient samples at T15. The distance d2 (donor vs. T15
recipient) is measured under magnification.

3.3. SCFAs and Metagenome Functions

To evaluate the impact of FMT on key SCFAs, we quantified the concentrations of
acetate (AA), propionate (PA), and butyrate (BA) at T0 and T30. Pre-FMT, the concentrations
of AA, PA, and BA were 0.4425 mg/g, 0.0833 mg/g, and 0.2971 mg/g, respectively. Post-
FMT, AA and PA increased to 0.4676 mg/g (+5.7%) and 0.2929 mg/g (+251.4%), respectively,
whereas BA decreased by 36% to 0.1900 mg/g.

To further investigate functional alterations in the metagenome associated with SCFAs
metabolism, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
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ment analysis and Cluster of Orthologous Groups of proteins (COG) functional analysis.
As shown in Figure 9a, KEGG identified the top 35 significant pathways. The relative
abundances of all KEGG pathways are provided in Supplementary Table S2. During
FMT, direct pathways related to fatty acid metabolism showed significant upregulation,
including propionate metabolism (z-score ranging from 0.20 to 0.89), pyruvate metabolism
(z-score ranging from −0.84 to −0.26), and butanoate metabolism (z-score ranging from
−1.14 to 0.44). Additionally, post-FMT, indirect pathways of fatty acid metabolism also
showed upregulation, such as starch and sucrose metabolism (z-score ranging from −0.95
to 1.04) and glycolysis/glucogenesis (z-score ranging from −0.84 to −0.18). COG functional
analysis (Figure 9b) revealed that the top 5 abundant pathways were L [Cell cycle control],
K [Transcription], G [Carbohydrate transport and metabolism], M [Cell wall/membrane
biogenesis], and C [Energy production and conversion]. Post-FMT, the dominant pathways
shifted toward G, J [Translation, ribosomal structure and biogenesis], K, L, and M, with the
relative abundances of pathways G, L, and M increasing, and those of C, J, and K declining.
The relative abundances of all COG categories are provided in Supplementary Table S3.

Figure 9. Functional prediction of gut microbiota via metagenomics. (a) Heatmap of KEGG pathways
significantly altered post-FMT. Pathways directly and indirectly associated with fatty acid metabolism
are highlighted in red and blue text, respectively. (b) Stacked bar plot of COG functional category
abundances across timepoints.

4. Discussion

Many studies demonstrate that microbial dysbiosis consistently accompanies CE, sub-
sequently inducing chronic diarrhea [34–36]. The ‘CE-dysbiosis-diarrhea’ cycle constitutes
a self-perpetuating pathological loop. Restoring the gut microbiota is a vital intervention
for breaking this cycle. A previous study reported that those who survive CPV infection
have a significantly higher risk (odds ratio = 5.33) of developing chronic gastrointestinal
disease [37]. In this case, we successfully treated a canine with CE that had persisted for
three years following canine parvovirus infection using oral lyophilized FMT capsules,
with no recurrence observed over a 6-month follow-up period (fecal scores consistently
maintained at 2).
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Fecal score and body weight are clinically relevant and visually intuitive indicators of
diarrheal recovery [38]. In the present study, the fecal score decreased from 6 (unformed,
mucus-covered stool) to 2 (formed, healthy stool), with no recurrence observed over a
6-month follow-up period. A previous study also showed that fecal scores normalized to 2
in dogs treated with FMT [15]. Body weight increased from 24.2 to 26.2 kg, and remained
26.3–26.8 kg over a 6-month follow-up period. Several studies have demonstrated that
FMT enhances the body weight of patients [39,40]. Change in other laboratory indicators
(hematological indices and ultrasonographic intestinal wall thickness) suggested that the
FMT intervention achieved clinically relevant improvements.

The therapeutic benefit of FMT lies in its capacity to restore intestinal microbial di-
versity and richness, thereby re-establishing microecological balance in recipients [7,41,42].
Alpha and beta diversity were commonly used to reflect microbial diversity and rich-
ness. In our present study, the alpha diversity indices (Pielou, Shannon, and Simpson;
see Figure 6a,b) revealed an increase in microbial diversity post-FMT (0.40, 2.17, and 0.56,
respectively) compared to the pre-FMT values (0.11, 0.49, and 0.12). This suggests that
FMT can reverse the reduction in gut microbiota richness induced by diarrhea. We ob-
served that the Shannon and Simpson indices exhibited an initial increase followed by
a subsequent decline during the FMT, which was consistent with a previous study [43].
Transient peaks in the Shannon and Simpson indices at T15 (see Figure 6b) correspond with
the established engraftment dynamic whereby the initial introduction of donor microbiota
leads to an increase in diversity, followed by selective retention of engrafted taxa [43,44].
Regarding beta diversity, PCoA results showed that the post-FMT microbiota were closer to
the donor profile than the pre-FMT microbiota, indicating progressive convergence toward
donor-like communities. Similarly, Goll et al. recently reported that FMT responders had a
tendency to converge toward the donor microbiome profile after FMT, whereas this trend
was less evident in non-responders [45]. This shift is consistent with established predictors
of successful FMT, whereby increased alpha diversity and donor-like beta diversity are
critical determinants of therapeutic efficacy [46]. The results of the beta diversity analysis
were consistent with the observed changes in microbiota structure. In this case, the main
shift occurred at the phylum level, reflecting a dynamic microbial restructuring process
following FMT. Pre-FMT, Firmicutes (especially C. perfringens) was the most dominant
phylum; at T15, Actinobacteria (especially C. intestinalis) became dominant; and post-FMT
Proteobacteria (especially E. coli) became dominant at T30. This pattern of microbial succes-
sion may be driven by competitive exclusion, in which C. perfringens was initially replaced
by C. intestinalis at T15, followed by E. coli at T30 [47,48]. Specifically, the expansion of E.
coli at T30 occurred following a substantial decline in C. intestinalis (from 42.98% at T15 to
4.73% at T30), suggesting that competitive exclusion created a temporary niche opportunity
that allowed E. coli to bloom. Thus, the transient dominance of E. coli can be interpreted
as part of the ecological restructuring process, ultimately contributing to the restoration
of microbial balance. These findings align with a previous study documenting the role
of competitive exclusion in human CDI, whereby introduction of non-toxigenic strains
reduces CDI recurrence [49]. Concurrently, FMT enriched beneficial microbial families
(e.g., Lachnospiraceae, Ruminococcaceae, and Erysipelotrichaceae), which have the ability to
produce SCFAs and induce anti-inflammatory Treg responses [50,51]. Specifically, the SCFA-
producing genera Blautia, Peptacetobacter, and Ruminococcus are key microbial groups for
canine intestinal health and play an important role in digesting complex carbohydrates, en-
hancing immunologic function, and preventing pathogenetic invasion [52,53]. In our case,
the levels of Blautia, Peptacetobacter, and Ruminococcus microbial groups increased variably
post-FMT and approached donor-like levels, suggesting that these microbial groups may
have played a vital role in repairing the intestinal microbiota community and alleviating CE
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symptoms. In summary, FMT has been shown to disrupt the dysbiosis-inflammation cycle,
thereby facilitating the restoration of microbial homeostasis. This restoration enhances
microbial diversity and richness and enriches SCFA-producing microbes.

In addition to increasing the diversity and richness of the microbiota following FMT,
bacterial metabolites such as SCFAs benefit the recipient by enhancing the intestinal barrier
and energy metabolism [54,55]. We analyzed the three main SCFAs (acetate, butyrate, and
propionate) at T0 and T30 to evaluate the restoration of metabolic activity in microbiota.
Our results showed that the concentrations of two SCFAs (acetate and propionate) increased
(from 0.4425 to 0.4676 mg/g and from 0.0833 to 0.2929 mg/g, respectively). Acetate and
propionate positively affect glycolysis and propionate metabolism [56]. KEGG enrichment
analysis revealed that glycolysis and propionate metabolism were significantly increased,
suggesting that elevated acetate and propionate levels enhance carbohydrate metabolism
and provide additional energy for the body [56]. A similar conclusion was obtained in a
previous study, which found that propionate levels were increased significantly (p = 0.025)
post-FMT [57]. Butyrate has been shown to possess anti-inflammatory properties, thereby
promoting intestinal barrier function [58,59]. However, our case report revealed a 36%
decrease in butyrate concentration (from 0.2971 mg/g to 0.1900 mg/g). A previous study
demonstrated that the phylum Firmicutes (particularly the species C. perfringens) has
the capacity to produce butyrate [60]. In our case, we found a decline in C. perfringens
(from 92.41% to 0.03%) abundance. We therefore hypothesize that the decreased butyrate
concentration may be related to the reduction of C. perfringens abundance. It is important to
note that this is a correlative observation based on a single case, and a causative relationship
cannot be established here. Although the concentration of butyrate declined, enrichment
of the KEGG pathway in butyrate metabolism post-FMT indicates that the recipient’s
intestinal microbes may have acquired the capacity to synthesize butyrate. Thus, we
speculate that the sharp reduction in C. perfringens may not be sufficient to rapidly restore
butyric acid concentrations within the short term. Thus, the concentration of butyrate may
require a longer period to manifest. This interpretation remains speculative and warrants
further investigation in larger cases to validate the underlying mechanisms.

The limitations of this case report are as follows: (1) the limited sample size; larger
case studies should be validated; (2) use of a single donor; multi-donor protocols should be
prioritized to ensure broader applicability; (3) short follow-up period (30 days), extended
monitoring is needed to evaluate long-term efficacy and safety. Nevertheless, the observed
clinical recovery (no diarrhea recurrence at 6 months) and microbial restoration support
the potential of oral lyophilized FMT capsules, despite these limitations.

5. Conclusions

In this case report, we successfully treated a canine with CE that had persisted for three
years following canine parvovirus infection using oral lyophilized FMT capsules. Clinical
improvements were observed, including the cessation of diarrhea with no recurrence over
a 6-month follow-up period, as well as body weight gain. Concurrently, Microbial analysis
revealed the enhanced diversity and richness of the gut microbiota following FMT, along
with an increase in SCFA-producing bacteria and restoration of SCFAs-related metabolic
pathways. This case provides a proof-of-concept example that oral lyophilized FMT may
supply a therapeutic alternative for chronic diarrhea in dogs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/vetsci12090909/s1, Table S1: Relative abundance of microbial
composition; Table S2: Relative abundance of KEGG pathways; Table S3: Relative abundance of
COG categories.
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Simple Summary: When detected early, canthoplasty controls the clinical signs and compli-
cations associated with accentuated eye exposure. This study evaluated the reduction in the
palpebral fissure to prevent ophthalmic lesions secondary to brachycephalic dog syndrome.
A total of 64 eyes of brachycephalic dogs were studied, divided into the control group (22
eyes submitted to traditional clinical treatment) and the treated group (42 eyes submitted
to canthoplasty). The treated group showed an improvement in tear production compared
to the control group. In addition, the animals treated showed a significant increase in
TFBUT (T9M), which was higher than the control group. The TCT evaluation scores of the
treated group decreased compared to the control group (T12M). The occurrence of corneal
ulcers was significantly higher in the control group in the medium term. We concluded that
early canthoplasty in brachycephalic dogs prevented the occurrence of secondary lesions,
increased tear production and quality, and reduced the occurrence of ulcers, particularly in
the medium term.

Abstract: When detected early, canthoplasty controls the clinical signs and complications
associated with accentuated eye exposure. The aim of this study was to evaluate the re-
duction in the palpebral fissure to prevent ophthalmic lesions secondary to brachycephalic
dog syndrome. A total of 64 eyes of brachycephalic dogs were studied, divided into the
control group (22 eyes submitted to traditional clinical treatment) and the treated group
(42 eyes submitted to canthoplasty). Tear production, tear film break-up time (TFBUT),
tear crystallization time (TCT), and the occurrence of corneal ulcers were assessed prior
to treatment (T0), seven days after therapy or surgery (T7), and after 30 days (T30), and
reassessments were performed every three months, until month 18. It was observed that
the treated animals (treated group) showed an improvement in tear production compared
to the control animals (control group). In addition, the treated animals showed a significant
increase in TFBUT (T9M), which was higher than the control group. The TCT evaluation
scores of the treated group decreased compared to the control group (T12M), and the occur-
rence of corneal ulcers was significantly higher in the control group in the medium term.
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We concluded that early canthoplasty in brachycephalic dogs prevented the occurrence of
secondary lesions, increased tear production and quality, and reduced the occurrence of
ulcers, particularly in the medium term.

Keywords: brachycephalic eye syndrome; canthoplasty; dog; ophthalmic surgery

1. Introduction

The artificial selection of dog breeds has led to the emergence of various disorders,
including ophthalmic disorders, especially in brachycephalic dogs [1]. These breeds have
morphological characteristics that predispose them to lesions on the ocular surface, such
as macro-blepharon, euriblepharon, shallow orbits, short muzzles with skin folds, medial
entropion, hair on the caruncle, and abnormal variations [2]. These factors increase the
exposure of the eyeball and make it difficult for the eyeball to close (lagophthalmos),
increasing the risk of pigmentary keratitis, keratoconjunctivitis sicca, proptosis, and corneal
ulcers [3]. With the growing popularity of these breeds, veterinarians and regulatory
bodies are seeking to reduce these characteristics and minimize the associated disorders.
Surgical reduction in the palpebral fissure is indicated for breeds such as the Lhasa Apso,
Pekingese and Shih Tzu, which have exophthalmos and impaired blink reflex, leading to
corneal ulcers and changes in ocular lubrication. Medial, lateral, or combined canthoplasty
reduces ocular exposure, improving control of complications [4]. Many canthoplasties
are performed late when lesions are already severe and vision is compromised [5]. The
study’s hypothesis is that early canthoplasty may prevent damage to the ocular surface and
prevent complications like dry keratoconjunctivitis and corneal ulcers. Considering the
complications associated with the morphologic traits of brachycephalic breeds, combining
surgical techniques to reduce the ocular surface is likely to help prevent such lesions in
these canine breeds. The present study aims to assess the effects of canthoplasty with
reduction in the palpebral fissure on the prevention of secondary ophthalmic lesions such
as dry keratoconjunctivitis and corneal ulcers in brachycephalic dogs, and compare the
results with standard clinical therapy.

2. Materials and Methods

The research was approved by the ethics committee (CEEA, protocol 35/2018) and
carried out with the permission of the owners. Sixty-four eyes of brachycephalic dogs
(6–24 months) treated at the Universidade Estadual do Maranhão (UEMA) Veterinary
Hospital were analyzed. The ophthalmic examination included Schirmer’s tear test (Madhu
Innovating Possibilities, New Dehli, India), a tear crystallization test (TCT) (Perfecta, São
Paulo, Brazil), biomicroscopy using a portable slim lamp (Shanghai Bolan Optical Electric,
Shanghai, China), tonometry using a FA-800 tonometer (Electric Suoer, St. Louis, MO, USA),
ophthalmoscopy (PanOptic Plus 11820, Welch Allyn, St. Louis, MO, USA), fluorescein
(Madhu Innovating Possibilities, India), tear film break-up time (TFBUT), and measurement
of the palpebral fissure with a caliper (Universal 150 mm caliper, Fort G, São Paulo, Brazil).
Patients were selected based on morphological characteristics such as macroblepharon and
lagophthalmos, excluding those with distichiasis, ectopic eyelashes, and eyelid tumors.
Physical and laboratory examinations assessed systemic conditions.

The dogs were divided into a control group, which underwent clinical treatment, and
a treatment group, which underwent medial/lateral canthoplasty and entropion correction.
All received topical therapy with cyclosporine, lacrimomimetics, and anti-inflammatories.
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After fasting for 12 h on food and six hours on water, the treated patients (treated
group) were pre-anesthetized with meperidine (0.005 mg/kg, intramuscular) and diazepam
(0.3 mg/kg). Meloxicam (0.1 mg/kg, subcutaneous) was administered as a single dose.
After 15 min, anesthesia was induced with propofol (5 mg/kg, intravenous) and maintained
with isoflurane in a semi-closed circuit.

The surgical procedure consisted of simple medial canthoplasty [6]. The patients
were positioned in the sternal decubitus position and antisepsis was performed with iodo-
pyrrolidone in aqueous solution and diluted (1:50) in Ringer’s lactate. The upper and lower
lacrimal canaliculi were identified and cannulated with a no. 24 catheter.

A triangular section of tissue around the lateral canthus medial was carefully removed,
with the base oriented towards the medial commissure and the apex directed toward the
lateral commissure. The base usually measures between 2 and 4 mm. Using a no. 15
scalpel or iris scissors, the marked triangle was carefully resected, removing the skin and
conjunctiva. The incision was made at a distance of 1 to 2 mm from the lacrimal canaliculi,
in order to preserve those structures. To approximate and align the edges, a figure-of-eight
suture was made with 5-0 nylon. The skin was then sutured in a simple interrupted pattern
with 5-0 nylon, as depicted in Figure 1.

 

Figure 1. The medial canthoplasty technique. (A) Identification of the upper and lower lacrimal
canaliculi; (B) resection of a skin and conjunctiva triangle, with an incision at 1–2 mm from the
lacrimal canaliculi; (C) figure-of-eight suture to approximate and align the edges; (D) skin suture in a
simple interrupted pattern.

Postoperatively, the patients received meloxicam (0.1 mg/kg SID, 4 days) and tramadol
(4 mg/kg, 5 days). The surgical wound was cleaned with saline solution and healing
ointment, and the use of an Elizabethan collar was maintained until the stitches were
removed. Evaluations took place before treatment (T0), at 7 (T7) and 30 days (T30), and
every 3 months, up to 18 months (T3M-T18M), in both groups (control and treated).

Tear production was assessed by the Schirmer test, performed before any ocular
manipulation, using sterile filter paper strips inserted into the conjunctival sac for one
minute. The tear film break-up test (TFBUT) was carried out by instilling fluorescein
into the conjunctiva, followed by manual closure of the eyelids for 10 s. The time until
the first tear film rupture was timed under illumination with a cobalt blue filter, and the
measurement was repeated. For the tear crystallization test (TCT), samples were collected
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with a microcapillary tube from the lower conjunctival sac of both eyes. The contents were
placed on glass slides and analyzed under optical microscopy at 4× and 10× magnification.
The classification followed the proposal by Rolando [7], categorizing the findings into four
groups according to the pattern of arborization and the distance between the crystals. The
presence of corneal ulcers was compared between the groups using slit lamp biomicroscopy
and the fluorescein test.

The parametric data was organized in a factorial scheme (2 × 9) and submitted to
analysis of variance (ANOVA), with comparison of means using the Tukey test. Qualitative
variables were analyzed using the Wilcoxon test (for comparisons between groups) and the
Kruskal–Wallis test (for variation over time), adopting a significance level of p < 0.05.

3. Results

A total of 64 eyes from 32 male and female brachycephalic dogs aged between 6 months
and 24 months (two years) were evaluated. Of this total, 43 eyes (22 animals) that had
undergone the canthoplasty procedure, the treated group, and 22 eyes (11 animals) that had
undergone clinical treatment, the control group, were evaluated. One animal in the treated
group had previously undergone unilateral enucleation. One animal from the treated group
dropped off from T7 onwards. At T6M, one control animal suffered severe corneal perforation
and underwent unilateral enucleation. The n for treated and control groups were reduced,
accordingly, to 42 eyes (21 animals) and 21 eyes (11 animals), respectively.

The animals evaluated were puppies or youngsters and were already showing at
least one alteration in the ocular surface associated with ocular brachycephalic syndrome,
albeit discreetly.

In the evaluation of tear production, a significant increase in the Schirmer test was
reported seven days after surgery in the treated group, possibly due to the surgical manip-
ulation. After 30 days (T30), there was a reduction, followed by a progressive increase in
the medium term (Table 1).

Table 1. Schirmer’s lacrimal test performed on brachycephalic animals submitted to clinical treatment
(control group) or early blepharoplasty (treated group) throughout the evaluation periods. Data are
presented as mean ± standard deviation (S.D.).

Groups
Time

Mean ± S.D. Overtime
T0 T7 T30 T3M T6M T9M T12M T15M T18M

Control group
14.36
±

7.91 aA

14.72
±

7.72 aA

16.6
±

5.88 aA

15.14
±

5.47 aA

14.68
±

5.65 aA

14.41
±

4.67 aA

11.00
±

4.90 aA

11.14
±

4.83 aA

11.43
±

4.89 aA

14.07
±

6.23 A

Treated group
15.74
±

8.85 aA

20.66
±

7.05 bB

17.98
±

7.09 abA

18.00
±

5.63 abA

18.22
±

5.59 abB

19.59
±

5.71 bB

20.15
±

5.17 bcB

20.86
±

4.41 bcB

23.24
±

2.54 cB

18.92
±

6.57 B

Values with equal letters, lowercase letters in the row and uppercase letters in the column, do not differ by Tukey
test (p > 0.05). Data with normal distribution assessed by the Cramer–von Mises test at p > 0.05.

After three months (T3M) of evaluation, a progressive increase in Schirmer’s test
values was reported in the animals submitted to canthoplasty, with an improvement in
ocular lubrication and a reduction in mucopurulent elasticity, due to a reduction in the
palpebral fissure and less exposure of the eyeball.

In the group that underwent canthoplasty (treated group), there was correction of
lagophthalmos and better eyelid closure, resulting in greater protection of the ocular surface
and a reduction in the consequences of keratoconjunctivitis sicca [8,9]. In the control group,
there was no significant improvement in ocular lubrication, even with the use of eye drops.
Furthermore, in the surgically treated group, it was possible to extend the interval of use of
tear drops, reducing the long-term efficiency of canthoplasty [9]. Clinical treatment alone
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was not effective in all cases, requiring a surgical approach to better lubricate the ocular
surface [10].

Analysis of the TFBUT showed that the animals in the treated group showed a growing
increase in TFBUT values over the evaluation period (between T0 and T18M) (Table 2).

Table 2. Tear film break-up time (TFBUT) in brachycephalic animals submitted to clinical treatment
(control group) or early blepharoplasty (treated group) during the evaluation periods. Data are
presented as mean ± standard deviation (S.D.).

Groups
Tear Film Break-Up Time (TFBUT) (s) Mean

± S.D. OvertimeT0 T7 T30 T3M T6M T9M T12M T15M T18M

Control group 6.73 aA

± 4.32
6.91 aA

± 4.44
7.00 aA

± 3.52
6.45 aA

± 3.69
5.90 aA

± 3.66
5.27 aA

± 3.08
3.43 aA

± 1.65
3.29 aA

± 1.64
3.29 aA

± 1.64
5.64 A

± 3.63

Treated group 6.38 aA

± 3.87
6.27 aA

± 3.74
6.17 aA

± 3.48
7.32 abA

± 2.98
7.80 abB

± 3.02
9.34 bcB

± 4.26
9.81 cB

± 3.42
10.14 cB

± 2.69
11.00 cB

± 3.41
7.78 B

± 3.79

Values with equal letters, lowercase letters in the row, and uppercase letters in the column do not differ by Tukey
test (p > 0.05). Data with normal distribution assessed by the Cramer–von Mises test at p > 0.05.

The TFBUT revealed a significant improvement in tear film quality in the surgically
treated group over time, with a progressive increase in values after the procedure. How-
ever, the mean values were below what is considered normal for brachycephalic breeds
(>17 s) [11]. In the control group, a reduction in mean TFBUT values was observed, reducing
the worsening of tear quality in dogs submitted to clinical treatment alone (Table 2).

In the present study, we observed that the eyes of the animals belonging to the treated
group showed a reduction in the classification scores of the TCT (Figure 2, Table 3).

Figure 2. Representative images of the tear crystallization test (TCT) performed on brachycephalic
canine patients before (T0) and after clinical (control group) or surgical treatment (treated group) at
different times (T12M and T18M)—personal archive, 2021.
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Table 3. Tear crystallization test (TCT) in brachycephalic animals submitted to clinical treatment
(control group) or early blepharoplasty (treated group) during the evaluation periods. Data are
presented as mean ± standard deviation (S.D.).

Groups
Tear Crystallization Test (TCT) Mean ± S.D.

OvertimeT0 T7 T30 T3M T6M T9M T12M T15M T18M

Control group 2.82 aA

± 0.73
2.91 aA

± 0.68
2.91 aA

± 0.52
3.00 aA

± 0.62
3.00 aA

± 0.62
3.09 aA

± 0.52
3.29 aA

± 0.47
3.29 aA

± 0.47
3.29 aA

± 0.47
3.03 A

± 0.61

Treated group 2.90 aA

± 0.88
2.95 aA

± 0.84
2.94 aA

± 0.85
2.78 aA

± 0.69
2.78 aA

± 0.65
2.72 aA

± 0.75
2.56 bB

± 0.75
2.47 bB

± 0.75
2.29 bB

± 0.77
2.77 B

± 0.79

Values with equal letters, lowercase letters in the row and uppercase letters in the column do not differ, respectively,
by the Kruskal–Wallis and Wilcoxon–Tukey tests (p > 0.05). Data with normal distribution assessed by the Cramer–
von Mises test at p > 0.05.

In the control group, there was an increase in the TCT scores over the period eval-
uated, with a worsening in tear film quality, and a predominance of patterns III and IV,
characteristic of dry keratoconjunctivitis [7,12]. In addition, the reduction in Schirmer’s test
values coincided with the worsening of tear quality, proving quantitative and qualitative
dry keratoconjunctivitis.

In the control group, even with clinical treatment, the occurrence of corneal ulcers is
frequent (Table 4).

Table 4. Frequency of occurrence and percentage of corneal ulcers in brachycephalic animals submitted to
clinical treatment (control group) or early blepharoplasty (treated group) during the evaluation periods.

Groups
Presence or
Absence of

Corneal Ulcers
T7 T30 T3M T6M T9M T12M T15M T18M

Control group
Presence 7

10.7%
0

0%
0

0%
3

4.8%
4

6.4%
3

4.8%
2

3.2%
4

6.4%

Absent 15
23.0%

22
34.4%

22
34.4%

18
28.6%

17
27%

18
28.9%

19
30.2%

17
27%

Treated group
Present 14

21.5%
0

0%
0

0%
0

0%
0

0%
1

1.6%
1

1.6%
0

0%

Absent 29
44.6%

42
65.65

42
65.6%

42
66.7%

42
66.7%

41
65.1%

41
65.1%

42
66.7%

Tests

Q-square
(p value) 0.95 - - - - - - -

Fisher test
(p value) - 1.00 1.00 0.03 0.01 0.09 0.21 0.01

Frequency of occurrence and percentage. Controls are 22 up to T3M and 21 from then onwards. Treated are 43
at T7 and 42 from then onwards. When observed frequency values are less than 5, use Fisher’s test; for values
greater than 5, use the Q-squared test. Frequencies are different when p < 0.05.

4. Discussion

Previous studies indicate that hereditary ophthalmic disorders in purebred dogs can
appear from 6 weeks of age [13], and that puppies of brachycephalic breeds already show
alterations due to ocular exposure [14]. Therefore, the inclusion of young animals was
essential to evaluate preventive strategies for these lesions.

The ocular surface of brachycephalic dogs is highly susceptible to external injuries [15],
and stimuli can induce greater tear production [16]. Processes caused by external agents,
such as conjunctival hyperemia and edema, can rapidly develop into severe conditions [17].
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Excessive ocular exposure in brachycephalic dogs is associated with ocular prolifera-
tion and the development of keratoconjunctivitis sicca [18]. Canthoplasty improves ocular
lubrication by reducing corneal exposure and improving tear film distribution [19,20].

The persistence of conformational alterations in eyes treated only with topical therapy
maintained poor lubrication in the central part of the cornea and could lead to subclinical
inflammatory processes that impact tear production. The association of correction with clin-
ical treatment has been shown to increase tear production in the medium term, providing
better inflammatory control of the ocular surface and protective effects when performed
early [21].

The TFBUT is an important diagnostic tool in the assessment of keratoconjunctivitis
sicca and tear film stability in dogs [22,23]. Brachycephalic dogs are predisposed to tear film
dysfunction due to exophthalmos and lagophthalmos, resulting in accelerated evaporation
of the water layer [24,25]. Film rupture occurs when evaporation exceeds capillary flow,
forming dark spots on the cornea [26]. Tear film instability has a direct impact on ocular
health, influencing osmolarity and potentially leading to hyperosmolarity [27]. In humans,
tear film osmolarity and the tear crystallization test (TCT) are used as markers of dry eye
syndrome [28]. Although the TCT is used in veterinary ophthalmology [29,30], there are
still no specific reports on brachycephalic breeds, and it was not measured in this study.

There was a statistically significant difference at T12M. It can therefore be inferred that
there was an improvement in the quality of the tear film in the animals that underwent
surgical correction in the medium and long term. According to Rolando [7] type I and II
tears, which are related to a greater presence of crystals and less spacing between them, are
tears of good quality, i.e., consistent with animals with a healthy ocular surface.

The TCT provides a qualitative assessment of the tear and may not be directly cor-
related with its quantity [31]. The interaction between electrolytes and macromolecules
influences crystallization, and the absence of a halo suggests a reduction in the mucin layer
and a possible decrease in goblet cells [32,33].

Ocular brachycephalic syndrome contributes to the early evaporation of the tear film
and increased corneal exposure, favoring dehydration and ocular lesions [34,35]. Kerato-
conjunctivitis sicca can be aggravated by multiple factors, such as anatomical conformation,
infections, palpebral disorders, and chronic irritations [36].

Conformational factors, such as a short snout, caruncle entropion, macrocephaly and
lagophthalmos, increase the predisposition of brachycephalic dogs to corneal ulcers [3,11]
observed that 81.18% of dogs with corneal ulcers were brachycephalic, reinforcing the
influence of cranial morphology on their early occurrence.

Correcting anatomical abnormalities significantly reduces the risk of corneal ulcers
in brachycephalic dogs [3,37]. They identified a predisposition to ulcerative keratitis,
especially in young Shih Tzus (<3 years old). Recurrent ulcers occur when conformational
changes persist.

Bedford & Jones [38] point out that macropalpebral fissures and shallow orbits expose
the eyes of brachycephalic dogs, increasing the risk of corneal damage. Exophthalmos is
also a predisposing factor for ulcerative keratitis, as it makes the ocular bulb more suscepti-
ble to trauma [37]. In addition, lagophthalmos, which is characteristic of brachycephalic
ocular syndrome, compromises ocular lubrication and favors keratoconjunctivitis sicca.
Eyelid and ciliary alterations, such as trichiasis and caruncle entropion, were observed in
most of the animals evaluated. Caruncular trichiasis, when in constant contact with the
cornea, causes chronic irritation and corneal hyperpigmentation [34,39].

Ulcerative keratitis can be associated with decreased tear production [40] or with
low blink frequency and changes in tear film composition [41]. Lower corneal sensitiv-
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ity in brachycephalics reduces the response to irritating stimuli and compromises tear
distribution, favoring ocular lesions [42].

This study stands out among the existing literature for prospectively investigating the
effects of early canthoplasty on the prevention of ophthalmic lesions in brachycephalic dogs
for 18 months. Although previous studies [19] described post-surgical complications and
the perception of tutors after canthoplasty, there is scant quantitative data regarding the
clinical benefits obtained from this intervention [5]. Other authors [8,34] have highlighted
the high prevalence of ocular lesions in brachycephalic breeds, but without exploring the
impacts of an early surgical intervention. The present work contributes to filling this gap in
the scientific knowledge by demonstrating that early canthoplasty performed before the
development of irreversible lesions such as deep ulcers and pigmented keratitis significantly
improves tear quality and reduces ocular complications. Consequently, the present results
validate the efficacy of canthoplasty and support its preventive use. However, this study
remains limited by its relatively low caseload, and larger studies are warranted to expand
on this subject.

5. Conclusions

Overall, early canthoplasty in brachycephalic dogs promoted a reduction in the palpe-
bral fissure, improved control of the quantity and quality of ocular lubrification, and
prevented the mid-term effects of dry keratoconjunctivitis, supporting the study’s hypoth-
esis. Early canthoplasty was more beneficial than conventional clinical therapy in the
mid-term. Adequate follow-up remains essential to perform tear secretion control and
monitor ocular health.
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Simple Summary: This study explores the potential of Phallus indusiatus (P. indusiatus), a
medicinal mushroom, as a dual-action treatment for feline infectious peritonitis (FIP), a
fatal disease caused by feline coronavirus. P. indusiatus demonstrated the most pronounced
inhibitory effect among the 17 mushroom extracts tested (69.2% inhibition of FIPV Mpro),
showing a level of activity approaching that of standard antivirals such as lopinavir and
ritonavir. The extract also significantly reduced nitric oxide production (a marker of
inflammation) in lipopolysaccharide (LPS)-stimulated peripheral blood mononuclear cells
(PBMCs) from healthy cats, indicating anti-inflammatory effects. However, immune cells
from cats already suffering from FIP, which were in a chronically inflamed state, did not
respond to the extract or to dexamethasone. This highlights the complexity of FIP-related
inflammation. This study also successfully cultured PBMCs from FIP fluid for the first
time, providing a novel in vitro model for future research. Overall, the results suggest
that P. indusiatus has promising antiviral and anti-inflammatory properties, though further
research is needed to isolate active compounds and test in live infection models.

Abstract: Feline infectious peritonitis (FIP) is a progressive and often fatal disease caused
by a virulent biotype of feline coronavirus (FCoV). Although antiviral treatments are now
available, relapse and resistance remain ongoing concerns. This study investigates the
therapeutic potential of P. indusiatus, a medicinal mushroom, for its antiviral and anti-
inflammatory activities against FIP. The main protease (FIPV Mpro) of feline infectious
peritonitis virus (FIPV) was recombinantly expressed and purified to facilitate enzyme
inhibition screening. P. indusiatus exhibited the strongest FIPV Mpro inhibitory activity
among the 17 mushroom extracts tested (69.2%), showing a notable level of inhibition
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relative to standard antiviral agents such as lopinavir and ritonavir. To assess its anti-
inflammatory potential, PBMCs derived from healthy cats and FIP-associated effusions (FIP
fluid) were cultured and stimulated with LPS to induce inflammation. In healthy PBMCs,
P. indusiatus significantly reduced nitrite levels, with effects similar to dexamethasone.
However, PBMCs from FIP fluid, already in an activated state, showed no additional
response. Notably, this study is the first to successfully isolate and culture PBMCs from FIP
fluid, providing a new platform for future immunological research. These findings suggest
that P. indusiatus possesses both antiviral and anti-inflammatory properties, positioning it
as a potential dual-action therapeutic candidate for FIP. Further investigation into cytokine
signaling pathways is warranted to clarify its mechanisms of action and advance future
therapeutic development.

Keywords: Phallus indusiatus; PBMCs; feline coronavirus (FCoV); feline infectious peritonitis
(FIP); FIPV protease; FIPV Mpro; antiviral; anti-inflammatory

1. Introduction

Feline coronavirus (FCoV) is an enveloped, positive-sense single-stranded RNA virus
in the Coronaviridae family commonly found in domestic cats [1]. It exists in two biotypes:
feline enteric coronavirus (FECV) [2], which typically causes mild gastrointestinal signs and
is often self-limiting in immunocompetent cats, and feline infectious peritonitis virus (FIPV),
the pathogenic variant responsible for feline infectious peritonitis (FIP) [3]. First reported
in 1966, FIP is fatal, immune-mediated disease that primarily affects kittens, adolescents,
and young adult cats, and remains a significant cause of mortality in this population [4].
Approximately 12% of FCoV-infected cats progress to FIP, with environmental stress and
immune dysfunction as a key contributing factors [5]. Although antiviral drugs have
recently become available, delayed diagnosis still results in high mortality, emphasizing
the need for timely and accurate detection [6]. Pathogenesis involves efficient replication
of FCoV in activated monocytes and macrophages, leading to systemic inflammation,
pyogranulomatous lesions, and T-cell depletion [6,7]. Altered cytokine profiles, including
elevated interleukin (IL)-1β, IL-6, IL-10, IL-12p40, and tumor necrosis factor-alpha (TNF-α),
have been identified in affected cats, indicating that immune dysregulation plays a key role
in the advancement of FIP [8].

Edible mushrooms have been reported to possess multiple biomedical properties,
including antiviral, anti-inflammatory activities, and immunomodulatory effects through
cytokine stimulation [7,8]. These effects are largely attributed to bioactive compounds
such as polysaccharides, terpenoids, and alkaloids. These compounds enhance phagocytic
activity, increase IL-1β and TNF-α expression, and activate key signaling pathways such
as ERK1/2, JNK, and p38 MAPKs. They also promote NF-κB p65 phosphorylation and
nuclear translocation and can bind to macrophages via Toll-like receptor 4 (TLR4) [8].
Certain mushrooms may also help alleviate clinical signs associated with cytokine storms.
While some compounds have shown antiviral activity, scientific evaluation in feline models
remains limited.

In the preliminary inflammation model of this study, both lipopolysaccharide (LPS)
and FIPV (or viruses in general) are potent activators of the NF-κB and AP-1 signaling
pathways [9–11]. These pathways function as central molecular “switches” that regulate
the transcription of various inflammatory mediators, including NO, inducible nitric ox-
ide synthase (iNOS), cyclooxygenase-2 (COX-2), and prostaglandin E2 (PGE2), and the
pro-inflammatory cytokines (e.g., TNF-α, IL-6, and IL-1β) [12,13]. Therefore, using LPS
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as an inflammatory stimulant in PBMCs to investigate the anti-inflammatory effects of
mushroom extracts is well justified as a preliminary inflammation model, as it activates
shared pathways involved in cytokine and iNOS expression mechanisms that are also
triggered by FIPV (Figure 1).

Figure 1. This figure illustrates the activation of TLR–NF-κB and AP-1 signaling pathways in response
to LPS or viral stimulation, resulting in the upregulation of inducible iNOS, COX-2, PGE2, and pro-
inflammatory cytokines. This schematic was adapted from Luo R. et al., 2025, Yu, L. et al., 2024, and
Hennessy & McKernan., 2021 [9–11].

Coronaviruses are RNA viruses that hijack the host’s translational machinery to gen-
erate viral proteins. The resulting polyproteins must be cleaved to release individual
functional proteins necessary for viral replication and transcription. The virus encodes
proteases, including the main protease (Mpro), also known as 3CLpro, which has conserved
sequences that facilitate the assembly of the viral replicase complex [14]. The Mpro protein
of FCoV is essential for the replication cycle, as observed in other members of the Coron-
aviridae family [15]. Therefore, FIPV Mpro protein is considered a prominent drug target
for antiviral therapy against FIP (e.g., GC376) [14,16].

The immune system plays a crucial role in controlling viral infections, including
the suppression of FCoV replication and prevention of progression to FIP. In this study,
17 mushroom extracts were screened as potential candidates for alternative immunomod-
ulatory strategies in cats. Screening was conducted to assess antiviral activity by them
against FIPV Mpro to identify active compounds. The extract with the strongest inhibitory
effect was selected for further assessment of its anti-inflammatory potential. PBMCs were
isolated from both healthy cats and cats with FIP-associated effusions, including pleural,
peritoneal, or a combination of both, and were cultured under optimized conditions. These
PBMCs were then stimulated with LPS and treated with the selected extract to assess
nitrite-scavenging activity. The resulting data will serve as a foundation for future investi-
gations into cytokine modulation, particularly in the context of FIP-related inflammation
and antiviral response.
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2. Materials and Methods

2.1. Ethics Statement

This study was approved by the Institutional Animal Care and Use Committee of
Kasetsart University, Bangkok, Thailand, under protocol number ACKU67-VET-124. Addi-
tionally, all sample collections were performed with the informed consent of the cat owners.

2.2. Protein Expression and Purification

The expression and purification of FIPV’s main protease in this study, called “FIPV
Mpro”, have been described previously [17]. In this study, the FIPV Mpro was derived
from the FIPV WSU-79-1146 strain. The coding sequence for Mpro included an N-terminal
10xHis tag and a TEV cleavage site, resulting in a recombinant protein with an approximate
molecular weight of 37.2 kDa. The gene was synthesized into the pGEX-4T-1 vector (Gen-
Script, USA) and transformed into Escherichia coli strain BL21(DE3) for protein expression.
Cultures were grown in LB medium incubated at 37 ◦C for 3 to 4 h, the absorbance was
measured at OD 600 to 0.8, and then the sample was induced by 0.4 mM isopropyl-β-d-
thiogalactopyranoside at 37 ◦C for 18–20 h. The FIPV Mpro was purified by Ni2+ affinity
column (Cytiva AB, Sweden). Western blotting was performed to confirm the protein
expression, using an anti-His tag primary antibody (Thermo Fisher Scientific, USA) and
an HRP-conjugated Goat Anti-Mouse IgG secondary antibody (Thermo Fisher Scientific,
USA) for signal detection.

2.3. Inhibition of FIPV Mpro Protease

The FIPV Mpro modified with Dabcyl-KTSAVLQSGFRKM-E (Edans) (Genscript USA,
Piscataway, NJ, USA) was prepared in a buffer containing 20 mM Tris (pH 7.5), 100 mM
NaCl, 2 mM DTT, and 0.05 mM EDTA. The enzyme activity was subsequently examined
in a 384-well plate containing 1 μM FIPV Mpro in buffer solution. Subsequently, enzyme
activity inhibitors, including lopinavir and itonavir as positive controls, were added for
comparison with 10 μg/mL mushroom extracts. The final inhibitor concentration in the
reaction was set to 10 μg/mL. The reaction was initiated by adding the substrate at a
final concentration of 40 μM. The increase in fluorescence intensity of the substrate at
340 nm was measured to determine the relationship between Relative Fluorescence Units
(RFUs) per second, using a microplate reader (Infinite 200, Tecan Group Ltd., Männedorf,
Switzerland) and GraphPad version 8.0 software, as described in Equation (1).

% Relative inhibition = V0 enz −
(

V0 Inhibitor × 100
V0 enz

)
(1)

V0 represents the initial reaction velocity of the enzyme. It indicates how fast the
enzyme converts substrate to product at the start of the reaction. V0 enz is the initial
reaction velocity of the enzyme without an inhibitor. V0 Inhibitor is the initial reaction
velocity of the enzyme in the presence of an inhibitor.

Given the constraints associated with cell culture systems and the limited availability
of animal-derived samples, particularly those obtained from experimental models, this
phase of the study was designed to reduce animal usage by utilizing an in vitro screening
approach. This model was employed to identify mushroom extracts exhibiting the highest
inhibitory activity against the FIPV Mpro. The extract demonstrating the most potent
inhibitory effect will be selected for further investigation of its anti-inflammatory properties.

2.4. Animals and Experimental Design

This research was approved for sample collection from the Kasetsart University Vet-
erinary Teaching Hospital in Bangkok, Thailand. PBMCs were isolated from healthy donor
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cats (n = 20). In parallel, pleural and/or ascitic fluid samples were collected from cats clini-
cally diagnosed with effusive FIP, based on a combination of consistent clinical, laboratory,
and imaging findings. These included serum biochemical and hematological abnormalities,
clinical signs such as anorexia, depression, intermittent fever, abdominal distension, or
dyspnea due to pleural effusion. Radiographic or ultrasonographic imaging confirmed the
presence of fluid accumulation in body cavities and involvement of internal organs. Fluid
analysis and cytology revealed pyogranulomatous inflammation, with a proteinaceous,
granular background, and a cell population consisting of macrophages, non-degenerate
neutrophils, and few lymphocytes. The effusions were classified as modified transudates or
non-septic exudates. The diagnosis was further supported by additional findings, including
a serum albumin-to-globulin (A:G) ratio of less than 0.8, a positive Rivalta’s test, and/or
a positive PCR result for FCoV, in accordance with previously published criteria [18,19].
The pleural and/or ascitic fluid samples were subsequently used for mononuclear cell
isolation. These samples (n = 20) were subsequently used for mononuclear cell isolation.
For simplicity, mononuclear cells isolated from effusions are referred to as “PBMCs from
FIP fluid” throughout this study. The sample size was derived from data in other similar
studies. All analyses were performed using GraphPad Prism version 9 (GraphPad Software,
LLC, Boston, MA, USA) [20].

2.5. The Preparation of the Mushroom Extraction Procedure

A total of 17 types of medical mushrooms were selected, including Pleurotus ostrea-
tus, Flammulina filiformis, Agrocybe cylindracea, Lentinula edodes, Tuber Uncinatum, Lignosus
rhinocerotis, Volvariella volvacea, Ganoderma oregonense, Ganoderma formosanum, Ganoderma lu-
cidum, Inonotus obliquus, Hericium erinaceus, Psilocybe cubensis, Phellinus igniarius, Dasoclema
simensis, Pleurotus ostreatus, and Phallus indusiatus. A dry sample of 100 g was air-dried and
grinded by mixer grinder, immersed in 95% ethyl alcohol (ethanol) 200 mL at a temperature
of 37 ◦C, and shaken for 12 h. Afterward, the liquid part was separated and the ethanol
was evaporated using a rotary evaporator under vacuum. The crude extract was stored
at a temperature of −20 ◦C until analysis. The extracts from the 17 types of mushrooms
will be further tested for their FIPV Mpro inhibitory activity. In this study, crude extracts
were prepared using the same stock and extraction protocol described by Theeraraksakul,
K. et al., 2023 [21].

2.6. Preparation of PBMCs

Whole blood from healthy donor cats and effusion samples (pleural, ascitic, or both)
from FIP cats were processed to isolate PBMCs by separating the buffy coats using cen-
trifugation with Lymphoprep™ (Corning®, USA) at 600 g for 30 min to isolate PBMCs.
Subsequently, complete RPMI-1640 medium (Corning®, USA) containing 10% fetal bovine
serum (FBS; Gibco®, USA) and 1% penicillin–streptomycin (Gibco®, USA) was added,
and the cell concentration was adjusted to 1 × 106 cells/mL. The cells were counted, and
their viability was assessed by mixing the separated cells with a 0.4% Trypan Blue solu-
tion (Gibco®, USA) in a 1:1 ratio. A hemocytometer was used to count the cells under
a microscope.

In the case of isolating PBMCs from effusion samples, referred to in this study as
“PBMCs from FIP fluid” the sample characteristics of the FIP fluid were carefully considered.
If the sample exhibited high viscosity, it was diluted with 1× phosphate-buffered saline
(PBS; Cytiva HyClone™, USA) to facilitate efficient cell pelleting. The diluted sample was
then centrifuged at 600× g for 10 min. The supernatant was discarded, and the cell pellet
was retained. The pellet was subsequently washed three times with RPMI medium at a 1:1
ratio, each wash involving centrifugation at 600× g for 10 min. Once the cells were isolated,
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cell counting was performed, and the cells were cultured under the same conditions as
previously described.

2.7. In Vitro Optimize Toxicity of P. indusiatus, LPS, and DMSO

The toxicity of P. indusiatus extract at concentrations of 10,000, 5000, 2500, 625, 156,
78, 39, and 19 μg/mL was tested on PBMCs isolated from the whole blood of donor cats.
PBMCs (1 × 106 cells/mL) were seeded into a 96-well plate and pre-incubated for 1–2 h
in a humidified atmosphere with 5% CO2 at 37 ◦C. Subsequently, the cells were treated
with various concentrations of P. indusiatus extract dissolved in 0.5% DMSO. The PBMCs
were incubated for 24 h. Following treatment, cell viability was assessed using the Cell
Counting Kit-8 (CCK-8) colorimetric assay (Dojindo, Kumamoto, Japan). Briefly, 10 μL of
CCK-8 solution was added to each well and incubated for 2–4 h. The absorbance of each
well was then measured at 450 nm using a microplate reader (EnSight® Multimode Plate
Reader, PerkinElmer, Waltham, MA, USA). Cell viability was determined by calculating
the percentage of absorbance relative to the control group (non-treated PBMCs).

The testing involved determining optimal concentrations and exposure times in gener-
ating PBMCs after stimulation with LPS (Sigma-Aldrich®, Israel) at various concentrations
(0.001, 0.01, 0.1, and 1 μg/mL). Additionally, testing was conducted to determine suitable
concentrations for cell viability using dimethyl sulfoxide (DMSO, Uvasol, Japan) at con-
centrations of 0.5%, 1%, 1.5%, and 2%, compared to a control group without DMSO. Cell
viability was assessed using the CCK-8 colorimetric assay (Dojindo, Kumamoto, Japan)
under the same conditions as described previously.

2.8. Anti-Inflammatory Assay Using Nitrite Scavenging Activity

To determine the effect of P. indusiatus extract on nitrite production, a primary break-
down product of nitric oxide, cells were suspended in a 96-well plate containing complete
RPMI-1640 medium and pre-incubated for 1–2 h in a humidified atmosphere with 5%
CO2 at 37 ◦C. Subsequently, the cells were treated with P. indusiatus at a concentration of
19 μg/mL and dexamethasone at 5 μg/mL as a positive drug control in the presence of
LPS (1 μg/mL) and incubated for 24 h. Nitrite production was determined by calculating
the percentage of absorbance relative to the control group (non-treated PBMCs) using the
Griess Reagent System (Promega, USA). A parallel test was conducted on PBMCs isolated
from FIP fluid under the same conditions, but without LPS stimulation. This study investi-
gates the potential effects of P. indusiatus extract on inflammation in PBMCs isolated from
whole blood and fluid samples of cats diagnosed with FIP. The primary aim was to evaluate
whether the extract can modulate inflammation by measuring nitrite concentrations, which
is a marker of inflammatory response.

2.9. Statistical Analysis

Data are presented as mean ± Standard Error of the Mean (SEM), with each experiment
replicated at least twice to ensure reliability. PBMC viability from whole blood and FIP fluid
was compared using two-way ANOVA, with comparisons made between cell means within
each row (p < 0.05, n = 5). The effect of varying LPS concentrations (0.001, 0.01, 0.1, and
1 μg/mL) on nitrite levels was assessed after 24 h using one-way ANOVA, compared to a no-
LPS control (p < 0.05). The impact of 19 μg/mL P. indusiatus and 5 μg/mL dexamethasone
on nitrite production in PBMCs from donor cat whole blood was evaluated after 24 h, with
data shown as mean ± SEM (n = 8), comparing column means. Inflammation modulation
in PBMCs from FIP fluid treated with P. indusiatus extract (n = 5) was analyzed using
one-way ANOVA (p < 0.05). Differences in treatment responses between PBMCs from
whole blood and FIP fluid were assessed by two-way ANOVA (p < 0.05, n = 4).
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3. Results

3.1. Expression and Purification of FIPV Mpro

Recombinant His-tagged FIPV 3CLpro, expressed in E. coli BL21 (DE3), was purified
using a Ni2+ affinity column. The expression of the FIPV Mpro or FIPV-3C-like Protease,
(3CLpro), was induced with 0.4 mM isopropyl β-d-1-thiogalactopyranoside (IPTG), fol-
lowed by incubation for 18–24 h. Quantitative analysis using SDS-PAGE confirmed the
expression of the FIPV Mpro protein with a molecular weight of 37.20 kDa (Figure 2A).

Figure 2. Protein purification was performed using a Ni2+ affinity column, with protein expression
induced by 0.4 mM IPTG. The FIPV Mpro was detected at 37.2 kDa on an SDS-PAGE gel. lane1:
Marker, lane2: Pellet FIP, lane3: Supernatant FIP, lane4: Flowthrough, lane5: Wash A, lane6: 20%
Buffer B, lane7: 40% Buffer B, lane 8–9: 60% Buffer B, lane10–11: 80% Buffer B, lane12–14: 100% Buffer
B (A). Western blot analysis confirmed the presence of the FIPV Mpro protein at 37.20 kDa (B). The
reaction rates of the FIPV Mpro enzyme (Relative Fluorescence Units/sec) at enzyme concentrations
of 1 and 0.5 μM (C).

Qualitative analysis was performed using the Western blot technique, which utilized
the specificity of the primary antibody (Anti-His Tag (HRP)) for proteins labeled with a
6x His-Tag. A secondary antibody (Goat Anti-Mouse IgG (HRP)) was employed to bind
with HRP substrates. This revealed a band corresponding to the FIPV Mpro protein at a
size of 37.20 kDa (Figure 2B). The results of determining the optimal concentration of FIPV
Mpro enzymatic activity, using Dabcyl-KTSAVLQSGFRKM-E (Edans) as the substrate at a
final concentration of 40 μM, showed that the reaction rate (or fluorescence intensity) of the
substrate increased as the enzyme concentration was raised to 0.5 and 1 μM, separately
(Figure 2C).

3.2. Inhibition of FIPV Mpro Activity by Antiviral Drugs and Crude Mushroom Extract

The effect of various inhibitors on FIPV Mpro activity at a concentration of 1 μM
was evaluated using protease inhibitors or antiviral drugs, with lopinavir and ritonavir
(National Cancer Institute (NCI, USA)) serving as positive controls for comparison with
mushroom extracts. Lopinavir and ritonavir were used at final concentrations of 10 and
100 μg/mL to assess enzyme inhibition by monitoring the reaction rate. This was performed
by measuring the fluorescence intensity over 30 min. The initial reaction rate (V0) was
then used to calculate the percentage of enzyme activity inhibition. At a concentration of
10 μg/mL, lopinavir inhibited enzyme activity by 84.13%, while ritonavir inhibited it by
71.88% (Figure 3).
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Figure 3. The relationship between the percentage inhibition of FIPV Mpro (1 μM) and crude
mushroom extracts at a concentration of 10 μg/mL was evaluated. The inhibition of FIPV Mpro

enzyme activity was evaluated at a concentration of 1 μM. At a concentration of 10 μg/mL, lopinavir
inhibited enzyme activity by 84.13%, while ritonavir inhibited it by 71.88%. P. indusiatus exhibited the
highest inhibition of FIPV Mpro activity at 69.2%. The dotted line represents 50% relative inhibition.

Relative inhibition of the FIPV Mpro assay was evaluated using crude mushroom
extracts. The experimental results showed that P. indusiatus exhibited the highest inhibition
of FIPV Mpro activity at 69.2%. Therefore, the extract from P. indusiatus was selected for
further testing on its anti-inflammatory effects (Figure 3).

3.3. Optimization of PBMC Culture Conditions Using Whole Blood Samples and FIP Fluid

The characteristics of PBMCs isolated from both whole blood of donor cat and FIP
fluid revealed that PBMCs from whole blood contained a small number of platelets and
red blood cell contamination (Figure 4A). In contrast, PBMCs isolated from FIP fluid were
less pure in terms of white blood cells compared to those from whole blood. The PBMCs
sometimes exhibited platelet clumping, which was attributed to the diseased state of the
animals. Occasionally, proteins were also present, contributing to the platelet clumping
(Figure 4B). Therefore, for the PBMCs isolated from FIP fluid, samples without platelet
clumping will be used (Figure 4C).

Figure 4. Morphological studies by inverted microscope at actual magnification 50 μm on PBMCs.
Normal PBMCs without clumping can be observed when isolated from whole blood (A). PBMCs
isolated from the fluid showed signs of platelet clumping (B). PBMCs separated from FIP fluid
without clumping are shown in (C).
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The experimental results show that at a DMSO concentration of 0.5%, the viability of
PBMCs (1 × 106 cells/mL) isolated from whole blood and FIP fluid was 93.75 ± 2.92% and
90.23 ± 2.1%, respectively. This concentration is suitable for further use as a solvent for
extracts as it is non-toxic to the cells. However, concentrations of 1%, 1.5%, and 2% were
found to be unsuitable as solvents since the viability of PBMCs was below 90%. Therefore,
in this study, DMSO at a concentration not exceeding 0.5% was chosen as the solvent for
the crude mushroom extract, because PBMCs isolated from both whole blood and FIP fluid
had a viability percentage greater than 90% (shown in Figure S1)

The viability assessment of PBMCs (1 × 106 cells/mL) isolated from whole blood and
FIP fluid, conducted using the Trypan Blue Exclusion Assay, revealed that on Day 0, cell
viability exceeded 90% for both sources, making them suitable for experiments. By Day 1,
PBMCs from whole blood remained suitable for experimentation, while PBMCs from FIP
fluid were not, as their viability had dropped below 90%. When comparing each day to
Day 0, no statistically significant differences were observed from Day 1 to Day 3, whereas
statistically significant differences were observed from Day 4 to Day 5.

A comparison of PBMC viability isolated from both whole blood and FIP fluid was
performed using a two-way ANOVA (p < 0.05). The results indicated no statistically
significant differences in PBMC viability between the two sample types from Day 0 to Day
4. However, on Day 5, a statistically significant difference in PBMC viability was observed
between PBMCs isolated from whole blood and FIP fluid (Figure 5).

Figure 5. The PBMC viability was analyzed by comparing PBMCs from whole blood collection and
FIP fluid samples using a two-way ANOVA. The data are presented as mean ± SEM for PBMCs
viability, comparing each cell mean with the other cell means in the same row (n = 5). * p < 0.05,
PBMCs from FIP fluid vs. PBMCs from blood.

However, in this study, PBMCs isolated from samples will be used for testing within
24 h, as they exhibit the highest cell viability, exceeding 90% [22]. This summary con-
firms that PBMCs isolated from both donor and fluid of FIP retain high viability and are
appropriate for subsequent experimental applications.

3.4. LPS-Stimulated PBMCs

PBMCs isolated from donor cat blood samples were stimulated with LPS at concen-
trations ranging from 1 to 0.001 μg/mL for 24 h. Cell viability and proliferation were
then assessed using the CCK-8 colorimetric assay. The results showed that increasing
LPS concentrations significantly enhanced cell viability. In the control group without LPS
stimulation, cell viability was 91.60 ± 0.85%, whereas at the highest LPS concentration
(1 μg/mL), cell viability increased to 99.21 ± 0.10% (Figure 6).
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Figure 6. Testing the appropriate concentration of LPS compared to the control group without adding
LPS, using concentrations of 0.001, 0.01, 0.1, and 1 μg/mL for 24 h, which were analyzed by one-way
ANOVA; * p < 0.05 revealed statistically significant differences (n = 3).

Subsequently, a comparison of PBMCs viability at each concentration with the control
group without LPS addition revealed that at a concentration of 0.001 μg/mL, there was
no statistically significant difference compared to the control group. However, at concen-
trations of 0.01, 0.1, and 1 μg/mL, there were statistically significant differences from the
control group (Figure 6). The concentrations of LPS used did not exhibit cytotoxicity, as
cell viability exceeded 90% in all cases. Therefore, an LPS concentration of 1 μg/mL was
selected to stimulate its effect on inducing cellular inflammation.

3.5. Effect of P. indusiatus on the Cell Viability of PBMCs

The toxicity test of P. indusiatus extract at various concentrations on PBMCs derived
from the whole blood of donor cats over 24 h was assessed using the CCK-8 colorimetric
assay. The results revealed that at concentrations of 10,000, 5000, 2500, 625, 156, 78, and
39 μg/mL, the extract remained toxic to the cells, as cell viability was below 90%. The
PBMCs exhibited morphological changes, such as reduced size and loss of sheen, indicating
cell death, which was distinct from the control group. However, at a concentration of
19 μg/mL, the cells retained their normal morphology, showing no changes compared
to the control group, which is consistent with the 90% viability results. Consequently, a
concentration of 19 μg/mL is suitable for further testing. The IC50 value was calculated to
be 1890 μg/mL (as shown in Table S1).

3.6. Evaluation of Nitrite Scavenging Activity of P. indusiatus Extract in LPS-Stimulated PBMCs

The evaluation of nitrite (NO2
−) concentration, resulting from the oxidation of nitric

oxide (NO), which serves as an indicator for assessing inflammation in LPS-stimulated
cells, revealed statistically significant differences compared to the control group at LPS
concentrations of 1, 0.1, 0.01, and 0.001 μg/mL (Figure 7A). The nitrite production measured
showed a concentration of 7.7 μM, indicating the induction of inflammation in PBMC
stimulated with LPS at the respective concentrations. However, considering the viability of
PBMCs, it was found that at a concentration of 1 μg/mL, the cells exhibited the highest
viability, consistent with the cell viability results assessed using the CCK-8 assay, which
showed 99.21 ± 0.01% (Figure 7A). Therefore, an LPS concentration of 1 μg/mL was
selected for inducing inflammation in PBMCs.

The test results showed that PBMCs stimulated with 1 μg/mL LPS (negative control)
released a nitrite concentration of 19.73 μM. In contrast, the group treated with the anti-
inflammatory drug dexamethasone at 5 μg/mL (positive control) exhibited a reduced nitrite
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concentration of 12.56 μM. Moreover, the group treated with 19 μg/mL of P. indusiatus
mushroom extract demonstrated a further reduction in nitrite concentration to 13.36 μM.
These results suggest that the P. indusiatus mushroom extract may have potential anti-
inflammatory properties (Figure 7B).

The results also showed that PBMCs isolated from FIP fluid exhibited inflammation,
as assessed by the nitrite concentration shown in Figure 7C, which measured 15.87 μM
without stimulation by LPS. This indicates that the cat with FIP already had inflammation in
its PBMCs. In the group treated with the anti-inflammatory drug dexamethasone (positive
control), the nitrite concentration was 16.13 μM, which was not statistically different from
the control group. Similarly, the test group treated with P. indusiatus extract had a nitrite
concentration of 16.52 μM, which also showed no significant difference compared to the
control group.

Figure 7D shows a statistically significant difference between PBMCs isolated from
blood and those from FIP fluid. PBMCs from FIP fluid exhibited a higher level of cellular
inflammation compared to those from blood. However, when comparing PBMCs isolated
from blood and stimulated with LPS to PBMCs from FIP fluid, no significant difference was
found (Figure 7D). This statistical analysis confirms that PBMCs isolated from FIP fluid
are true inflammatory responses. These results indicate that, since there is no significant
difference between PBMCs isolated from blood stimulated with LPS and PBMCs from
FIP fluid, the latter are naturally inflamed [23]. In the experimental groups treated with
dexamethasone (positive control) and the extract of P. indusiatus, a statistically significant
difference was observed. PBMCs isolated from blood showed a reduction in nitrite pro-
duction in both the positive control group and the group treated with P. indusiatus extract.
However, PBMCs isolated from FIP fluid did not exhibit a reduction in nitrite production.

3.7. Phytochemical Composition and Literature Support for Anti-Inflammatory Activity

In this study, a crude extract of P. indusiatus was prepared following the extraction pro-
tocol described by Theeraraksakul, K. et al., 2023 [21]. Phytochemical analysis confirmed the
presence of key anti-inflammatory constituents, including phenolic compounds, flavonoids,
and tannins. The extract demonstrated inhibitory effects on the production of nitric oxide
(NO), interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α).
Furthermore, their study reported that the crude extract of P. indusiatus also contained vari-
ous bioactive compounds, such as catechins, flavonoids, polysaccharides, monosaccharides,
mucopolysaccharides, allantoin, alkaloids, epicatechin, gallic acid, caffeic acid, and other
polyphenolic compounds are also important contributors to the anti-inflammatory activity
of the extract [24–26]. Although the crude extract of P. indusiatus has not been previously
evaluated for its anti-inflammatory effects in cat PBMCs, previous studies have identified
bioactive compounds within the extract that possess anti-inflammatory properties. In this
study, the observed reduction in NO production in LPS-stimulated PBMCs isolated from
healthy cats serves as an important in vitro model (Figure 7B). These findings provide a
basis for the future development of anti-inflammatory strategies targeting monocytes and
macrophages infected with the FIP virus (Table 1).

Bioactive compounds from P. indusiatus demonstrate biochemical and cellular mech-
anisms of action, ranging from general antioxidant and anti-inflammatory effects to the
modulation of specific signaling pathways [7]. Therefore, based on the findings of this
study and prior research, there is compelling evidence that extracts from P. indusiatus
possess anti-inflammatory properties and may modulate the immune response, potentially
contributing to the inhibition of FIPV in cats.
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(A) (B)

(C) (D)

Figure 7. The effect of LPS on nitrite production in stimulated PBMCs was quantified after 24 h of
exposure to LPS at concentrations of 0.001, 0.01, 0.1, and 1 μg/mL (A). The effect of 19 μg/mL P.
indusiatus and 5 μg/mL dexamethasone (Dex) on nitrite production in stimulated PBMCs isolated
from whole blood of donor cats was quantified after 24 h. The data are presented as mean ± SEM,
comparing the mean of each column with the means of every other column (n = 8) (B). The stimulation
and suppression of inflammation in PBMCs isolated from FIP fluid using P. indusiatus extract (n = 5)
(C). There was analysis by one-way ANOVA; p < 0.05 reveals statistically significant differences. The
difference in response to treatments between PBMCs isolated from whole blood and those from FIP
fluid was analyzed using two-way ANOVA (p < 0.05) (n = 4) (D). **** p < 0.0001.

Table 1. Pharmacological results of P. indusiatus efficacy from in vitro studies.

Preparation Bioactive Compound Experimental Model Key Findings References

Crude extract, hot
water, and ethanol.

Phenolics, flavonoids,
and tannins.

Murine macrophages
used to study the
anti-inflammatory

effects of LPS
stimulation.

The anti-inflammatory
activity was

demonstrated by a
reduction in the level of

released nitric
oxide (NO).

Theeraraksakul, K.
et al., 2023

[21]
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Table 1. Cont.

Preparation Bioactive Compound Experimental Model Key Findings References

Crude extract, peel
and green mixture,

core, and whole
mushroom.

Catechins, flavonoids,
polysaccharides,

monosaccharides,
mucopolysaccharides,

allantoin, alkaloids,
polyphenolic
compounds,

epicatechin, gallic acid,
and caffeic acid.

The experiment was
conducted using

LPS-induced RAW
264.7 macrophages.

The anti-inflammatory
activity was

demonstrated by the
inhibition of NO, IL-1β,

IL-6, and
TNF-α secretion.

Ruksiriwanich, W. et al.,
2022.,

Nazir, Y., et al. 2021.,
Sedtananun, S. et al., 2025

[24–26]

Hot water extract of
crude

polysaccharide from
mushroom

fruiting body.

Polysaccharides.
Colitis was induced in

mice using dextran
sulfate sodium (DSS).

Reduced the expression
of inducible iNOS

Kanwal, S. et al., 2020
[27]

This study utilized
an ethanolic extract

derived from the
whole mushroom.

Phenolics, flavonoids,
and tannins. [21]

PBMCs from healthy
cats were stimulated
with LPS and PBMCs

from FIP fluid

The anti-inflammatory
activity was

demonstrated by the
inhibition of NO in

PBMCs isolated from
healthy cats.

Hlaoperm, C. et al.

4. Discussion

In this study, the FIPV Mpro had a size of 34 kDa, which increased to 37.2 kDa after
the addition of a 10 × His tag and a TEV cleavage site at the N-terminus. The FIPV
Mpro protein was induced by IPTG and analyzed both quantitatively and qualitatively
(Figure 2A). Notably, the FIPV Mpro comparable in size to the SARS-CoV-2 Mpro, which has
a molecular weight of approximately 33 kDa [28]. These findings indicate that the research
was successful at this stage.

The present study revealed a significant finding: the mushroom extract demonstrated
FIPV protease inhibition at 69.2%, indicating its potential as a natural source of antiviral
compounds. This activity is slightly lower than both ritonavir (71.88%) and lopinavir
(84.13%), both of which are established broad-spectrum protease inhibitors clinically used
in Human Immunodeficiency Virus (HIV) therapy [29] (Figure 3). These agents have also
been shown to inhibit SARS-CoV by strongly binding to its Mpro [30,31]. In our study, they
served as general protease inhibitory benchmarks, since they are not used for treating FIP.
It is important to note that this protease inhibition mechanism differs from that of currently
used FIP treatments such as molnupiravir or GS-441524, which primarily target the viral
RNA-dependent RNA polymerase (RdRp), and are therefore not appropriate controls for
a protease inhibition assay [32,33]. The absence of GC376, a highly specific FIPV Mpro

inhibitor [34,35], was due to its unavailability in our laboratory at the time of the study.
The experimental results revealed that P. indusiatus at a concentration of 10 μg/mL

achieved the highest inhibition of FIPV Mpro activity among the tested mushroom extracts,
with an inhibition rate of 69.2% (Figure 3). Despite the mushroom extract’s inhibition
rate being marginally lower than ritonavir and lopinavir, its efficacy as a natural extract
warrants further investigation, suggesting the presence of bioactive molecules with FIPV
Mpro inhibitory properties. This finding is particularly relevant because, while current
gold standard FIP treatments focus on RdRp, viral proteases (specifically Mpro or 3CLpro)
represent an equally critical and well-validated drug target for coronaviruses due to their
essential role in processing polyproteins translated from viral RNA [35–37]. This enzyme
is indispensable for viral polyprotein processing, which is a fundamental step for replica-

87



Vet. Sci. 2025, 12, 847

tion [37,38]. The success of protease inhibitors in other viral infections (e.g., Human HIV
and Hepatitis C virus [HCV]), along with the promising results of FIPV-specific protease
inhibitors such as GC376, underscores the druggability of this enzyme [39]. Also, due to the
high conservation of Mpro during viral mutagenesis and its critical role in the coronavirus
life cycle, Mpro is considered as a pivotal target for antivirus drug development [16]

Mushroom extracts are widely recognized for their antiviral and anti-inflammatory
properties [40,41]. Previous studies have shown that polysaccharides and adenosine from
crude mushroom extract inhibited SARS-CoV protein expression, genomic RNA synthesis,
and spike protein activity [42–44]. El-Mekkawy, Sahar et al. (1998) have reported that
triterpenes extracted from the fruiting bodies of Ganoderma lucidum can inhibit the essential
protease enzyme of HIV-1 at a concentration of 7.8 μg/mL [45]. The findings of this study
are consistent with previous reports. The crude extract from P. indusiatus is particularly
noteworthy for further investigation of its anti-inflammatory properties, as it demonstrated
the highest enzyme inhibition among the tested mushroom species and also showed
potential for inhibiting the FIPV Mpro. Exploring protease inhibitors from diverse natural
sources, such as mushroom extracts, represents a vital strategy—offering novel compounds,
alternative mechanisms to combat resistance, and a foundation for future combination
therapies. Therefore, in this study, the crude extract from P. indusiatus was selected for
testing its anti-inflammatory effects on PBMCs of donor cats and FIP fluid.

The PBMCs isolated from both the whole blood of donor cats and FIP fluid, charac-
terized by monocytes and macrophages, are essential components of the innate immune
system [46–48]. The selection of samples should prioritize PBMCs that are already isolated,
do not clump, and exhibit a round, glossy appearance (Figure 4). The HIV/AIDS Network
Coordination Standard Operating Procedure (HANC-SOP) recommends limiting the pro-
cessing time to a maximum of 8 h [49]. Delays exceeding 24 h have been associated with
decreased cell viability [22]. However, in this study, PBMCs were successfully separated
from both whole blood and FIP fluid and tested within 24 h (Figure 5).

In the present study, we employed LPS to activate PBMCs as a model of inflammation.
LPS, commonly referred to as endotoxin, is a potent pathogen-associated molecular pattern
(PAMP) derived from the outer membrane of Gram-negative bacteria. It is recognized
primarily by Toll-like receptor 4 (TLR4) expressed on the surface of immune cells, including
monocytes/macrophages [50,51]. Engagement of TLR4 by LPS initiates downstream
signaling cascades, notably the myeloid differentiation primary response 88 (MyD88)-
dependent pathway, culminating in the activation of key transcription factors such as NF-
κB and activator protein 1 (AP-1) [9,50,52,53]. Although FIPV is not a bacterial pathogen,
viruses similarly trigger innate immune responses by expressing PAMPs, such as double-
stranded RNA (dsRNA) and specific viral proteins [54]. These are recognized by pattern
recognition receptors (PRRs), including endosomal Toll-like receptors (TLRs), such as TLR3,
TLR7, TLR8, and TLR9, as well as cytosolic sensors like retinoic acid-inducible gene I
(RIG-I) and melanoma differentiation-associated protein 5 (MDA5) [55,56]. Activation
of these receptors initiates similar signaling pathways that converge on the activation of
transcription factors NF-κB and AP-1 [10,11] (Figure 1). Although LPS was used as an
inflammatory stimulant in this study, mimicking viral infection in feline PBMCs remains
challenging due to the lack of a suitable viral culture system in our lab. Nevertheless, both
LPS (via TLR4) and viral components (via other TLRs or cytosolic receptors) activate key
pro-inflammatory pathways, particularly NF-κB and AP-1. This results in the upregulation
of mediators such as TNF-α, IL-1β, IL-6, and iNOS, supporting the use of LPS as a relevant
initial model for evaluating general anti-inflammatory effects.

The innate immune system’s ability to initiate responses to LPS was also examined [57].
In this report, 0.001, 0.01, 0.1, and 1 μg/mL of LPS were used to stimulate PBMCs isolated
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from whole blood of donor cats, compared with the absence of LPS (Figure 6). The data
presented in this publication indicate that LPS increased cell viability by approximately
98–99% within 24 h, correlating with the report by Jansky et al. (2003) [58]. A study
reported that LPS stimulation increased PBMCs proliferation by activating monocytes and
T lymphocytes, thereby promoting their proliferation [59–61]. Based on the study results,
LPS may have the potential to increase the number of PBMCs [59–61]. However, PBMCs
isolated from FIP fluid do not exhibit LPS-induced inflammatory responses, likely because
virus-infected cats already present with systemic leukocyte activation [23]. This diminished
responsiveness may be attributed to the fact that FIPV specifically targets monocytes and
macrophages, leading to their functional dysregulation [62,63].

The effect of P. indusiatus on nitrite scavenging activity in LPS-stimulated PBMCs
was assessed. During the inflammatory response, nitric oxide production, measured as
nitrite levels in the PBMCs’ supernatant, can be upregulated in freshly isolated PBMCs
by in vitro stimulation with LPS [64–68]. LPS triggers the TLR4 pathway, leading to
the activation of NF-κB and the upregulation of iNOS [50,51]. In LPS-induced samples,
monocytes/macrophages are the primary NO producers (Figure 7A) [50,52]. In this study,
a group of PBMCs, isolated from donor cat whole blood and stimulated with 1 μg/mL LPS,
was evaluated for its anti-inflammatory effects, with a reduction in nitrite serving as an
indicator [68]. The crude extract of P. indusiatus may possess potential anti-inflammatory
properties (Figure 7B).

The test on the reduction of nitrite production by PBMCs isolated from FIP fluid
(Figure 7D) clearly demonstrates that cats suffering from this disease naturally exhibit
PBMC inflammation, even in the absence of LPS stimulation. The PRRs, such as TLR3,
TLR7, RIG-I, and MDA5, lead to IFN signaling [69]. This may trigger IFN responses (IFN-α,
IFN-β, IFN-γ), which can either promote NO production or have other immune effects [54].
The host’s recognition of viral DNA initiates multiple signal transduction pathways that
converge on iNOS upregulation, leading to increased endogenous NO production [70]. The
oxidative degradation of NO results in the formation of its breakdown products, nitrate
and nitrite. This process, primarily identified in macrophages, involves the expression of
the inducible iNOS enzyme [71,72]. Consequently, nitrite levels are significantly higher in
PBMCs isolated from FIP fluid compared to those from the whole blood of healthy cats,
with a statistically significant difference. This aligns with the research conducted by Özbek
et al. (2022), which investigated serum nitric oxide levels in cats affected by FIP [73]. This
elevation in nitrite serves as a reliable indicator of inflammation (Figure 7D) [74,75].

The results of this study show a statistically significant difference in the response to
treatments between PBMCs isolated from whole blood and those from FIP fluid. PBMCs
from whole blood responded to both treatments (dexamethasone and P. indusiatus extract)
by reducing nitrite production, indicating potential anti-inflammatory effects. However,
PBMCs from FIP fluid (possibly from an inflamed environment) did not respond in the same
way (Figure 7C,D). The lack of anti-inflammatory effects from both the mushroom extract
and dexamethasone in PBMCs from FIP-affected cats underscores the complex and severe
nature of FIP-associated inflammation [23,54,62,63,69]. Unlike the acute response induced
by LPS, FIP involves chronic, systemic inflammation driven by persistent viral replication
in macrophages and a dysregulated immune response, characterized by persistently ele-
vated levels of various inflammatory mediators (a systemic cytokine storm) [52,57,76,77].
In this hyper-inflammatory state, NO production may be maximally upregulated and
“locked in”, reducing responsiveness to conventional treatments, including dexametha-
sone [54–56]. This suggests that FIP-related inflammation may involve distinct or more
resistant pathways, as well as nitric oxide production through multiple mechanisms, com-
pared to LPS models [10,11,54,56]. Additionally, the direct presence PBMCs from FIP
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fluid may alter cellular signaling compared to LPS-stimulated healthy PBMCs, poten-
tially affecting drug responsiveness. The previous study suggests that dexamethasone
has direct anti-inflammatory effects, acting by altering gene transcription—upregulating
anti-inflammatory genes (e.g., IL-10), downregulating pro-inflammatory ones (e.g., IL-6,
TNF-α, COX-2, iNOS), and inhibiting the NF-κB pathway [78,79]. In contrast, P. indusia-
tus modulates immunity and oxidative stress through compounds like β-glucans, which
stimulate TNF-α, IL-6, and IL-10 to restore immune balance [7,80]. While dexamethasone
suppresses NF-κB, P. indusiatus fine-tunes it to regulate immune responses [81,82].

Limitations of this study include, firstly, the use of LPS as a model of a general in-
flammatory stimulus instead of direct FIPV infection. Although both can activate similar
inflammatory pathways (e.g., NF-κB leading to TNF-α, IL-1β, IL-6, and iNOS expression).
FIPV infection is more complex, involving intricate virus–host interactions that LPS cannot
fully mimic. Secondly, attempts to develop an in vitro FIPV infection model were unsuc-
cessful. Although efforts were made to establish an FIPV infection model by infecting
CRFK (Crandell-Rees Feline Kidney) cells in vitro, these attempts failed due to challenges
in isolating the virus from FIP fluid samples, difficulties in quantifying viral load, and the
inconsistency of infection. As a result of these limitations, it was not possible to use the
actual virus in the study, making it necessary to rely on the LPS-based simulation system,
which may not fully reflect the true nature of FIPV infection.

Future investigations may consider employing alternative approaches to better mimic
the natural course of FIPV infection. For example, pseudotyped viral systems expressing
the FIPV spike protein could provide a safe and controllable platform for examining viral
entry and replication, while FIPV-infected cell lines may offer a more physiologically
relevant model for studying virus–host interactions [83,84]. Although these models are
not without limitations, they could complement the LPS-based stimulation system used
in this study and thereby provide a more comprehensive evaluation of the antiviral and
anti-inflammatory potential of the tested extracts.

Despite this, this study represents the first preliminary investigation to evaluate
extracts from the mushroom P. indusiatus for both anti-FIPV Mpro activity and anti-
inflammatory effects. It also represents the first assessment of the extract’s effects on
PBMCs isolated from FIP fluid compared to PBMCs from healthy donors. The extract
demonstrated strong inhibitory effects on FIPV Mpro. Based on these results, this study is
considered successful and has provided important and useful information, opening oppor-
tunities for developing new compounds, alternative mechanisms to overcome resistance,
and serving as a foundation for future combination therapy research.

Future research should focus on elucidating the roles of pro-inflammatory cytokines
(e.g., IL-6, TNF-α) and other relevant inflammatory mediators involved in the pathogenesis
of FIP. Bioactive constituents from P. indusiatus should be investigated, and their chemical
structures elucidated using advanced analytical techniques (e.g., liquid chromatography–
mass spectrometry; LC-MS/MS). Subsequent evaluations should include both in vitro and
in vivo studies to determine the pharmacological properties of the isolated compounds.
Initial in vitro assays should assess antiviral efficacy and anti-inflammatory activity in
relevant cell-based models. Promising compounds should then undergo in vivo validation
using appropriate animal models. Additionally, comparative analyses with currently
available FIPV-specific therapeutics are recommended to benchmark their relative efficacy
and therapeutic potential.

5. Conclusions

This study provides compelling preliminary evidence for the dual antiviral and anti-
inflammatory potential of P. indusiatus extract in the context of FIP. The extract showed
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a strong inhibitory effect (69.2%) on the FIPV Mpro, comparable to established protease
inhibitors such as ritonavir and lopinavir. It also significantly reduced NO production in
LPS-stimulated PBMCs from healthy cats, indicating potent anti-inflammatory activity.
Importantly, the extract was also tested on PBMCs isolated from FIP fluid, which are
characterized by chronic inflammation and immune dysregulation. However, these cells
showed limited responsiveness (nonresponse) to both dexamethasone and P. indusiatus
extract, underscoring the complexity of immune activation in FIP. Although LPS was used
as a surrogate inflammatory stimulus and a direct FIPV infection model was not available,
this is the first study to evaluate P. indusiatus for both antiviral and anti-inflammatory
effects in the context of FIP. These findings highlight the potential of P. indusiatus as a
natural source of immunomodulatory agents. Future research should focus on isolating
its active compounds, elucidating their mechanisms in relevant infection models, and
evaluating their therapeutic potential in vivo, including direct comparisons with FIPV-
specific inhibitors.
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Simple Summary: Cats are highly sensitive to pain-induced stress, which often is displayed
through behavioral changes such as anorexia and aggression. Perioperative pain manage-
ment is a very critical component for a cat as a surgical patient. Despite its well-documented
benefits in human medicine, thoracic epidural anesthesia (TEA) remains unexplored in
cats due to anatomical challenges and demands for technical expertise. This retrospective
case study aimed to describe the feasibility, safety, and analgesic efficacy of TEA in cats
undergoing major surgeries. Nine cats received 0.2 mL/kg of 0.5% ropivacaine combined
with 0.1 mg/kg morphine via TEA at the T12–T13 level. Thoracic epidural anesthesia
was associated with stable intraoperative cardiovascular parameters and reduced systemic
perioperative rescue analgesia in the majority of cases. Only one cat exhibited inadequate
analgesic coverage, likely due to technical failure. No significant adverse effects or compli-
cations were observed. These findings support the potential of TEA as a viable analgesic
strategy in surgical cats, with implications for improving clinical outcomes, enhancing
animal welfare, and advancing the standard of care in veterinary anesthesia.

Abstract: Thoracic epidural anesthesia (TEA) is widely used in human medicine to provide
effective perioperative analgesia, yet its application in veterinary species—particularly
cats—remains underexplored. This retrospective case study describes the use of TEA in
nine client-owned cats undergoing major surgeries. All cats received a single epidural
injection of 0.2 mL/kg of 0.5% ropivacaine combined with 0.1 mg/kg morphine at the
T12–T13 interspace using a 25 G × 25 mm Quincke needle. Intraoperative physiological
parameters were continuously monitored, and postoperative analgesia was assessed using
a validated pain scale. Only one cat exhibited inadequate analgesic coverage, likely due to
TEA failure. Of the nine cats, seven required minimal to no intraoperative rescue analgesia,
while five received postoperative opioids on the day following surgery. Hemodynamic
stability was observed in most cases, with no significant complications reported. These
findings suggest that TEA is a feasible and effective technique for perioperative pain
management in cats undergoing major surgery. Further prospective studies are warranted
to confirm these initial findings and investigate the safety of the technique in a larger
population.

Keywords: epidural injection; TEA; ropivacaine; morphine; major surgery

1. Introduction

Thoracic epidural anesthesia (TEA) is widely considered the gold standard for peri-
operative analgesia in people, particularly in the context of cardiac, thoracic, and cranial
abdominal surgical procedures [1]. An extensive body of clinical and experimental research
has consistently demonstrated the multifactorial efficacy of TEA. Notably, TEA produces
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a profound central neural blockade that effectively attenuates the neuroendocrine stress
response associated with surgical trauma, thereby mitigating the incidence of perioperative
complications [2]. Furthermore, the sympathectomy induced by TEA confers protective ef-
fects on vital organ systems, including the cardiovascular, pulmonary, and gastrointestinal
systems, while also exerting favorable influences on immune modulation and coagulation
dynamics [3]. Consequently, TEA is regarded as a critical factor in enhancing positive
postoperative outcomes following major surgical interventions [4].

In veterinary medicine, anatomical limitations in dogs and cats pose technical chal-
lenges for epidural needle placement at the thoracic level and TEA remains a relatively
under-investigated technique, with limited data available in dogs [5–7]. Tonge et al. [7]
reported successful use of TEA in a dog undergoing thoracotomy and pulmonary lobec-
tomy, achieving favorable anesthetic and analgesic outcomes throughout the perioperative
period. Similarly, Lardone and colleagues [6] demonstrated the effectiveness of TEA for
intra- and postoperative pain management during major thoracic and cranial abdominal
procedures. These findings suggest that TEA may offer substantial benefits in veterinary
anesthesia, mirroring its established role in human medicine.

To the authors’ knowledge, there is currently no published evidence evaluating the
application of TEA in cats. Feline patients are generally more susceptible to stress than
dogs, and postoperative pain is a key factor capable of eliciting dysfunction across multiple
organ systems. In addition, pain and stress can significantly influence behavioral patterns
during hospitalization, frequently manifesting as anorexia, inhibition, and aggression [8].
These considerations highlight the critical importance of comprehensive and proactive pain
management strategies in cats undergoing major surgical procedures.

In light of the routine implementation of TEA in both dogs and cats at our institution,
the present study aims to retrospectively describe our clinical experience with its use in a
cohort of cats undergoing a variety of major surgical interventions.

2. Case Presentation

Cats that underwent major surgical procedures between December 2021 and March
2025 at the Teaching Veterinary Hospital of the University of Turin (Grugliasco, Italy) were
included in this study. Written informed consent was obtained from all owners. Cases were
consecutively numbered from one to nine. Demographic data and relevant clinical details
are summarized in Table 1.

2.1. Treatment

Table 1 shows the anesthesia protocol.
Following induction of general anesthesia, endotracheal intubation was achieved

using appropriately sized cuffed tubes. The endotracheal tubes were connected to a
circular breathing system, delivering a gas mixture of oxygen and air with a fractional
inspired oxygen (FiO2) of 0.40. Maintenance of anesthesia was achieved in three cats
using sevoflurane and in six cats using isoflurane. The end-tidal halogenated anesthetic
concentration (FE’AA) was set at the anesthetist’s discretion to maintain the surgical plane
of anesthesia.

All animals underwent volume-controlled intermittent positive pressure ventilation
(Primus, Draeger, Germany) to maintain normocapnia, targeting end-tidal carbon dioxide
(PE’CO2) levels between 35 and 45 mmHg (4.6 and 6 kPa).
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Cefazolin (Cefazolina 1 g, TEVA, Milan (MI), Italy) was administered intravenously at
a dose of 20 mg/kg within 20 min prior to the initial surgical incision. Lactated Ringer’s
solution (Ringer lattato, Fresenius Kabi, Isolandella Scala (VR), Italy) was infused at a rate
of 5 mL/kg/h throughout the anesthetic period. Upon confirmation of a stable surgical
plane of anesthesia, cats were placed in lateral recumbency, and the thoraco-lumbar area of
the vertebral column was clipped and aseptically prepared with chlorhexidine (4%) and
alcohol (70%).

2.2. Monitoring

During the intraoperative period, a multiparametric monitor (Infinity Delta, Draeger,
Lubeck, Germany) was employed to continuously assess cardiovascular variables—including
invasive and/or non-invasive systolic, diastolic, and mean arterial pressures (SAP, DAP,
and MAP), heart rate, and cardiac rhythm—as well as respiratory parameters, including
PE’CO2, peak inspiratory pressure, respiratory rate, tidal volume, minute ventilation, FiO2,
and FE’AA. Esophageal temperature was also monitored.

To maintain normothermia (body temperature > 36 ◦C), an active warming system
(Bair Hugger Warmer Model 505, Augustine Biomedical Design, Cape Town, South Africa)
was used throughout the perioperative period. All monitored parameters were manually
recorded at 5 min intervals for the duration of anesthesia.

2.3. Thoracic Epidural Anesthesia

Cats were positioned in lateral recumbency with slight flexion of the vertebral column,
and the dorsal aspect of the body was extended beyond the edge of the surgical table.
The spinous and articular processes of the T13 vertebra were identified using the index
finger and thumb, respectively. A 25 gauge × 25 mm Quincke spinal needle (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA) was introduced on the dependent side
at the T12–T13 intervertebral space via a paramedian approach with cephalad angulation,
as previously described in humans [9], dogs [10], and cats [11]. Upon encountering the
lamina, it was slightly withdrawn and redirected in a ventrocranial–medial direction until
resistance from the ligamentum flavum was pierced and perceived. A plain solution of
ropivacaine (5 mg/mL; Ropivacaina, Galenica Senese, Monteroni d’Arbia (SI), Italy) at
a dose of 1 mg/kg, combined with morphine (10 mg/mL; Morfina Cloridrato, Monico,
Venice (VE), Italy) at 0.1 mg/kg, was administered slowly.

2.4. Intraoperative Analgesia

The anesthetists were free to use fentanyl (Fentadon 0.05 mg/mL, Dechra, Turin (TO),
Italy) and ketamine (Ketavet 100 mg/mL, MSD Animal Health, Rahway, NJ, USA) as
needed to stabilize the anesthetic plane. The amounts of analgesics administered during
the procedure are shown in Table 1.

2.5. Recovery and Postoperative Plan

The urinary bladder was voided manually at the end of the surgery. Meloxicam
(Metacam 2 mg/mL, Boehringer Ingelheim Animal Health, Milan (MI), Italy) at 0.3 mg/kg
subcutaneously was administered when normothermia was confirmed during recovery
with the exception of case 2 that did not receive any anti-inflammatory drugs.

Methadone (Semfortan 10 mg/mL, Dechra, Northwich, UK) was given intramus-
cularly (0.2–0.4 mg/kg, IM) during the postoperative period as rescue analgesia using
the Glasgow Composite Measure Pain Scale short form (intervention level of 5/20 and
above) [12]. In the majority of cases, time-point assessments of analgesia were conducted
at 1, 3, and 5 h (h) following extubation. Five cats received methadone the day after the
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surgery and a patient was administered 9 h after the end of anesthesia. Case 3 received
methadone at recovery from anesthesia. Postoperative data were incomplete for two cats.

The assessment of motor function was predominantly performed at 1, 3, and 5 h
after extubation, using a previously published scoring system [13]. At 3 h and 5 h after
extubation, the 5/7 cats and the 2/7 cats respectively showed motor deficit (grade 2 and 3).
Complete motor function recovery occurred in all cats within 24 h of surgery.

3. Discussion

To the authors’ knowledge, this is the first report to describe the clinical application of
TEA in cats.

In this case series, the use of TEA along with general anesthesia contributed to reducing
the perioperative use of rescue analgesia in some cats. It is noteworthy that seven cats
out of nine did not need intraoperative rescue analgesia or received just a fentanyl dose.
Given that several studies demonstrated a correlation between reduced intraoperative
rescue analgesia and successful regional nerve blockade [14–16], TEA might have provided
effective nociceptive control in the present case series.

No reliable conclusions can be drawn regarding the duration or extent of analgesia pro-
vided by TEA during the postoperative period. Nonetheless, five cats received methadone
the day after surgery and one cat was administered rescue analgesia 9 h after anesthe-
sia. Considering the invasiveness of the procedures performed, this finding may suggest
satisfactory analgesic coverage of the single shot TEA in the first 24 h postoperatively.

The epidural injection of local anesthetics results in the blockade of the paravertebral
sympathetic chain. While this can occasionally lead to hypotension due to decreased
peripheral vasoconstriction, it may also attenuate the sympathetic response to surgical
manipulation, thereby enhancing hemodynamic stability [17–19]. The hemodynamic
stability and minimal intraoperative rescue analgesia (Table 1), which characterized the
majority of the cases, might be attributable to TEA.

Case 3 likely represented a failure of the technique (i.e., incorrect needle positioning
or suboptimal anesthetic spread), as it was characterized by hemodynamic instability,
insufficient intraoperative antinociceptive effect, and inadequate postoperative analgesic
coverage. In this case series, the detection of the epidural space exclusively relied upon
the loss of resistance (LOR) at piercing the yellow ligamentum. In this perspective, a
Tuohy needle offers the characteristic “pop sensation” and allows the use of air or saline
for the LOR technique, which helps confirm the epidural space. Due to its very small
diameter, the 25 G Quincke needle made it more difficult to rely upon the LOR technique
or other methods for verifying the needle position such as the observation of epidural
pressure waves.

In this study, the Quincke spinal needle was preferred over the more commonly used
Tuohy needle for epidural anesthesia. The 2.5 cm × 25 G Quincke needle is more suitable for
TEA in cats, as it requires minimal needle advancement (about 1 cm [11]). On the other hand,
the pediatric 5 cm × 22 G Tuohy needle available would be too long (8 cm long, including
the hub). The authors therefore consider the Quincke needle safer than the Tuohy needle due
to its shorter length and its greater stability after positioning. However, its smaller gauge
makes detecting cerebrospinal fluid reflux more challenging, which can be mitigated by
using the dependent paramedian approach. The technique requires more skill, but once
mastered, it can be performed quickly and safely. While epidural anesthesia in cats offers
notable potential benefits, it also carries a risk of spinal cord injury due to the relatively caudal
start of the cauda equina, which provides less space for safe needle placement compared
to other species [20]. Given the limited number of cases in this study, it was not possible to
assess the risks associated with the technique. Additionally, the inability to use the loss-of-
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resistance method and the Tuohy needle may further increase the likelihood of spinal cord
puncture. For these reasons, TEA should be reserved for specialists with appropriate practical
training, a thorough understanding of neuraxial techniques, and the ability to manage patients
perioperatively to optimize outcomes and minimize complications.

Although the benefits of continuous epidural analgesia are well recognized—such as
the ability to administer analgesic drugs intermittently or continuously over several days,
and to do so in lower doses due to the proximity of the catheter tip to the target region—it is
not without risks. These include potential catheter dislodgement, local inflammation, and
contamination of the insertion site [21,22]. The short execution time, easier postoperative
management, and lower cost make the single-injection (“one-shot”) technique a valid
alternative for cats undergoing major surgeries.

All the cats received 0.2 mL/kg of 0.5% ropivacaine combined with 0.1 mg/kg of
morphine. With this volume, anesthesia remained stable in the majority of cases evaluated,
and no notable side effects were observed. The efficacy of the volume was demonstrated
even in very small cats (case 2 weighted 1 kg). The current study referenced previous
research on lumbosacral and thoracic epidural anesthesia in dogs, particularly focusing on
the administration of ropivacaine and levobupivacaine combined with morphine. Epidural
injection volumes commonly range from 0.1 to 0.22 mL/kg [23]. In a study by Lardone
et al. [6], 0.2 mL/kg of 0.5% ropivacaine with morphine resulted in TEA without significant
adverse effects, although prolonged sedation was reported in one case. This aligns with
findings from Tonge et al. [7], where TEA with 0.5% levobupivacaine and morphine
provided effective intraoperative analgesia without the need for additional systemic pain
relief. In refrigerated cats, 0.2 mL/kg of diluted contrast agent resulted in an adequate
longitudinal spread for effectively covering the thoracic and cranial lumbar spine [11].

The retrospective nature of this study inherently presented certain limitations, includ-
ing incomplete data, variability in operators, and lack of standardization in perioperative
management. The relatively low frequency of major thoracic surgeries in cats further
contributes to the scarcity of studies on thoracic epidural anesthesia [23].

4. Conclusions

This case series demonstrated that TEA was feasible in cats. At the administered
volume (0.2 mL/kg), TEA provided not only effective intraoperative analgesia but also
good hemodynamic stability in cats undergoing major surgery.

Future prospective clinical studies involving larger populations and greater standard-
ization of procedures are needed to further evaluate the intraoperative efficacy, potential
side effects, and to characterize the extent and duration of postoperative analgesia provided
by TEA in cats.
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Simple Summary: Caring for animals is central to veterinary and animal sanctuary work.
However, the meaning of animal-centred care is often the subject of debate. This article
explores the challenges faced by professionals when balancing two approaches: treating
animals as individuals and considering their species-specific needs. These tensions are
further shaped by the differing expectations of various groups—including animal owners,
caretakers, veterinarians, institutions, and the public—who may hold conflicting views on
what constitutes appropriate care. This article focuses on human–animal interactions in
sanctuaries and the difficult decisions regarding killing an animal in veterinary medicine,
such as euthanasia. The two care approaches and the expectations of actor groups can
conflict—particularly when professionals must make decisions in real-life situations that
are constrained by limited resources and time. By highlighting these tensions, this study
provides insight into the nuances of animal-centered care and the skills needed by profes-
sionals to navigate the ever-increasing complexities of the field.

Abstract: Caring for the lives and welfare of animals is central to veterinary and animal
sanctuary work, yet the meaning remains a subject of complex debates. Different stake-
holders negotiate what constitutes appropriate care, leading to conflicting demands and
expectations from internal and external sources. This article is based on two qualitative
studies: Study I explores the multifaceted aspects of death work in farm animal medicine,
emphasising the practical, emotional and ethical challenges involved. Study II examines
human–animal interaction in sanctuaries, which reveal tensions between instrumental
and relational care in animal-centred work. Relational care represents a subjectifying ap-
proach with individual attention to animals, while instrumental care is a more objectifying
perspective based on species representation. These demands can often be contradictory,
complicating day-to-day decision making under pressure. To analyse these complexities,
this study employs Clarke’s situational analysis (social worlds/arenas mapping), providing
a means of comparing care work across different fields. This approach highlights how actor
constellations, institutional settings, and structural constraints influence the negotiation
of care. Addressing these issues provides a more nuanced understanding of the profes-
sional challenges of animal-centred care and the necessary skills to navigate its inherent
contradictions.
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1. Introduction

Caring for the lives and well-being of animals is central to the professions of veterinary
and animal-sanctuary work. In both fields, the meaning of animal-centred care is the
subject of complex debates. For example, what are an appropriate space and structure for
tigers in captivity or how to decide whether to treat or kill an animal in veterinary care.
Different actors negotiate what constitutes appropriate care for animals in different ways.
As a result, people who work professionally with animals face conflicting demands and
expectations. These can come from within, from organisations and professional groups
themselves, or from outside, from politics, the media or social movements. In addition to
conflicting expectations, people working with animals have to make welfare (The term
‘animal welfare’ is understood in this text as the endeavour of ensuring the well-being
of animals; it considers the facts that the term is viewed as scientifically controversial,
interpreted in different ways, and critically discussed) decisions every day, often under less-
than-ideal conditions, such as time pressure or limited financial or human resources [1,2].
These decisions reflect different forms of care: instrumental care, which focuses on ensuring
species-appropriate standards and organisational efficiency, and relational care, which
is shaped by empathy, trust, and close interaction with individual animals. What is
considered appropriate care is not only negotiated among actors but also shaped by broader
cultural and historical contexts. The meaning of good care is always embedded in specific
social constructions of human–animal relationships, which shift over time and across
societies [3–5]. These dimensions should therefore be an integral part of how we understand
professional animal work.

Care work with animals is closely linked to questions of animal ethics. The discussion
centres on safeguarding the welfare of animals. This can be viewed both from the per-
spective of animal rights and from the perspective of animal welfare. Animal welfare refers
to an individual’s state in coping with its environment, encompassing physical health,
emotional states, and adaptive capacities [6]. Welfare assessments are based on measurable
conditions and not merely on whether living circumstances are ‘natural’. This broader
scientific understanding provides an important framework for evaluating animal-centred
care practices. While animal rights emphasise the subjective rights of animals, animal
welfare advocates for better, more species-appropriate animal husbandry. In terms of
content, there are parallels here with the care work explained above. The American Vet-
erinary Medical Association defines animal welfare as the humane responsibility for the
well-being of animals, including housing, management, disease prevention, care, and (if
necessary) euthanasia [7]. This definition reflects a primarily instrumental understanding
of care, where structured provisions are made for animals’ physical needs. In contrast,
ethical approaches, such as that of Palmer and Sandøe [8], emphasise the promotion of
individual autonomy and development, aligning with what can be described as a relational
understanding of care. These perspectives are also reflected in Nussbaum’s capability
approach, which argues for a dignified life for nonhuman animals that goes beyond basic
welfare and includes emotional and developmental well-being [9].

When considering care work for animals and the associated practices, the understand-
ing of animal welfare must be addressed. Institutional and individual interpretations
influence the ways in which animals are cared for and in which care work is considered
necessary. Care ethics offer a theoretical approach to the context-sensitive analysis of
professional human–animal relationships [10]. Care encompasses a broad spectrum of
behavioural practices that can also have negative effects [11]. For both professional groups,
these practices are crucial to their understanding of their roles and shape their interactions.

In addition to the individual actors involved in animal-centred care work, the insti-
tutional setting must also be considered closely. The influence of institutions begins with
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the categorisation of animals based on laws or internal guidelines. Animals categorised
as companion animals generally benefit from stronger protections than those classified as
livestock. This disparity prompts ethical concerns about how different species are valued
and the consequences for care practices. For example, farm animals are often treated with
less regard than pets, sparking discussions about the moral implications of these distinc-
tions [12]. These classifications influence the rights and protection of animals in everyday
life and determine which actions are considered permissible, particularly in care work. In
most cases, veterinary clinics and animal welfare organisations set standards that regulate
interactions with animals and define treatment options.

Furthermore, institutional norms and cultures characterise everyday working life and
determine the availability of time and financial resources. For example, tight schedules and
limited resources in veterinary clinics increase pressure on staff, while financial constraints
in animal welfare organisations limit the capacity to care for animals. Hierarchies and role
allocations also have an influence on work with animals.

In this article, we explore the tensions inherent in professions that work with and care
for animals. In doing so, the multiple stakeholders and expectations that shape animal-
centred care are taken as our starting point. The argument is based on two major empirical
studies: Study I examines the multi-dimensional aspects of killing in farm animal medicine,
highlighting the ethical, emotional and practical demands placed on practitioners [13].
Study II focuses on human–animal interactions in different contexts, particularly in sanc-
tuaries, with a particular emphasis on the challenges and complex negotiations inherent
in caring [14]. These empirical perspectives allow us to trace how instrumental and rela-
tional care are enacted, justified, and negotiated in two highly contrasting institutional
settings. To analyse these tensions, we draw on Clarke’s [15] situational analysis and the
social worlds/arenas theory developed by Strauss [16]. This theoretical framework offers
tools for analysing how groups interact within specific social domains. Social worlds are
dynamic, permeable groupings of actors connected through shared activities and identi-
ties, continuously shaped by processes of interaction and negotiation. Social arenas are
understood as focused spaces of negotiation in which different social worlds (conflictually)
exchange views on topics to assert their interpretations and, in some cases, assert them
against others. The theory is characterised by the multi-perspectivity of social situations.
This approach allows us to conceptualise animal-centred care as a negotiated practice
shaped by overlapping actor constellations, institutional logics, and material conditions.

Through the comparative analysis, we demonstrate how the various expectations of
stakeholders, including caretakers, veterinarians, animal owners, and government bodies,
give rise to a complex arena in which animal-centred care work is negotiated. Building on
this, we analyse how these external demands intersect with the dual approach of care in
practice: instrumental care, which is oriented towards species-level objectivity, and rela-
tional care, which emphasises individualised, empathic engagement. This article provides
an in-depth understanding of professional animal-centred care work and the complex
negotiations involved, demonstrating how diverse stakeholder expectations intersect with
the dual approaches of care, thereby intensifying the ethical and practical dilemmas faced
by those in animal-related professions.

2. Materials and Methods

The present article employs a comparative approach to explore the complexities of
animal-centred care work across two institutional contexts: sanctuaries and veterinary
medicine. Utilising a qualitative research methodology, the care dynamics, responsibilities
and ethical dilemmas that practitioners encounter in these two settings are analysed. The
comparison allows not only for the specific challenges within each context to be illuminated
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but also for a more extensive understanding of how stakeholder expectations, institutional
structures, and resource constraints influence care practices and interactions.

To achieve this objective, a range of qualitative research methods was employed,
including semi-structured interviews and ethnographic observations, with a view to gath-
ering rich, nuanced data. These methodologies facilitated the unearthing of the intricacies
inherent in care work, encompassing the frequently disregarded emotional burdens and
moral considerations that practitioners are required to navigate. In the context of care
work, practitioners are continually interpreting the actions, needs and circumstances of
other actors. Given the plurality of actors involved in care work—each bringing their own
situational definitions and knowledge frameworks—an ecological approach is adopted
to analyse these “ecologies of knowledge” [17]. This perspective emphasises the relation-
ships and interdependencies within animal-centred care work, exploring how different
stakeholders contribute to and negotiate the meaning of care [15].

To illustrate these dynamics, we draw on two extensive empirical studies: Study
I examines the multifaceted aspects of killing in veterinary medicine, focusing on how
veterinarians navigate the boundary work of determining what constitutes a ‘good’ or
appropriate death. This research spans various practices, motives, and fields within
veterinary medicine, such as small and large animal care. Study II explores human–animal
interactions in sanctuaries, emphasising the complex relational dynamics that arise in these
settings. Collectively, these studies enhance our comprehension of the multifaceted actors
involved in care work and the intricate interplay between instrumental and relational care.
Following the presentation of these individual study designs, the comparative approach is
introduced (for an overview, see the COREQ checklist [18] in the Supplementary Materials).

2.1. Study Design I: Veterinary Medicine

In the field of veterinary medicine, daily activities encompass the care and treatment of
animals, in addition to their killing [19,20]. This empirical study examines the intertwining
of death work and veterinary professionalism, with a particular focus on the co-constitution
of professional identity and ethical boundary making within veterinary practices [13].
This study adopts a grounded theory (GT) approach [21], exploring these complexities
inductively with a view to contributing to the relatively underexplored field of sociological
research on veterinary work [22]. Given the relative paucity of comparative sociological
research on veterinary practices, this study is exploratory in nature [23]. The challenges
associated with smaller sample sizes in comparative designs are mitigated by grounded
theory principles such as constant comparison and theoretical sampling, which prioritise
depth and theoretical relevance over representativeness.

2.1.1. Data Collection

The data collection process was conducted in accordance with the principles of con-
structivist grounded theory [21]. To capture both minimal and maximal contrasts within the
sample, 17 veterinarians with diverse specialisations and disciplines were interviewed. The
participants represent a broad spectrum of practice areas (e.g., small animal medicine, large
animal medicine, exotic species), years of experience, specialties, gender, ages, geographic
regions, and socioeconomic backgrounds.

Semi-structured interviews were conducted between 2020 and 2022 and lasted between
45 min and 2 h [24,25]. The interviews explored topics such as daily routines, killing
practices, ethical dilemmas, and the professional biographies of veterinarians (see the
Supplementary Materials). To complement the interviews, relevant documents such as
guidelines, manuals, and websites were analysed to capture the discursive and material
dimensions of killing practices within veterinary medicine.
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2.1.2. Data Analysis

The analysis combined Charmaz’s [21] constructivist grounded theory methodology
with Clarke’s [15] situational analysis (SA) to ensure a nuanced and comprehensive inter-
pretation of the data. MAXQDA 24 software was utilised for systematic coding, thereby
facilitating the identification of emergent themes and patterns. In the first stage, inductive
open coding was applied to the interview transcripts. These were read multiple times in
order to identify meaningful units within words, phrases, and sentences. These units were
then given conceptual labels (codes) that reflected the participants’ professional experiences.
Similar codes were then grouped into broader conceptual categories. The initial coding
process was guided by an awareness of the specific field of veterinary work. In the second
phase, focused coding was employed to summarise and refine the material by identifying
the most significant and recurring categories. This enabled a more abstract understanding
of the professional logic of care to be achieved. Finally, theoretical coding integrated the
findings with concepts within interdisciplinary debates in the sociology of professions,
human–animal studies, and veterinary ethics. The study employed SA mapping strategies,
including situational, social worlds/arenas, and positional maps, to visually represent the
diverse and complex field of veterinary death work [26].

The establishment of interdisciplinary interpretation groups was a key aspect of the
study, with the objective being to enhance the rigour of the analysis. The focus of these
groups was on the validation of coding, as well as mapping and the refinement of emerging
theoretical insights. This collaborative process enhanced intersubjectivity and ensured a
thorough interpretation of the data.

2.1.3. Research Reflexivity and Ethics

The dual positionality of the researcher, who is both a veterinarian and a sociologist,
provided unique access and profound field insights. This unique vantage point enabled
an in-depth comprehension of the multifaceted professional and ethical complexities
inherent in killing practices. However, this positionality also gave rise to challenges related
to potential biases. To address these challenges, the researcher engaged in continuous
reflexivity, documenting reflections throughout the research process and aligning the study
with the interpretive goals of sociological inquiry.

Ethical approval was obtained from the Research Ethics Committee of the Faculty
of Social Sciences, LMU Munich (GZ 23-13). All participants provided written informed
consent, ensuring ethical standards were upheld.

2.2. Study Design II: Rescue Centre

This study examines care work in animal sanctuaries, specifically focusing on a ‘big
cat’ sanctuary, to explore the dynamics of human–animal interactions and the roles of
various stakeholders in care practices. Sanctuaries provide a unique setting for under-
standing how caregiving is shaped by both institutional structures and the interpersonal
relationships between humans and animals. The ethnographic field study, conducted
between 2019 and 2020, included visits on public open days and during non-public hours
to observe caretakers’ routines. Interviews combined spontaneous conversations on open
days with scheduled appointments outside public hours. The study included interviews
with six randomly selected volunteers to explore their backgrounds and motivations. At
the time, two permanent caretakers were employed, and a third, in the hiring process, was
unexpectedly available for an interview. Informal conversations with a visiting veterinarian
and a former intern further supplemented the data.
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2.2.1. Ethnographic Study

The ethnographic interviews, integrated with observations, were semi-structured
to encourage more natural dialogue [27]. As rapport developed between the researcher
and participants, this flexible format maintained the authenticity of the interactions. This
approach is in line with Mayring’s [28] recommendation to adapt methods to the research
subject rather than rigidly applying pre-defined structures. Volunteers and carers were
actively engaged in tasks, and interviews often took place alongside their regular duties,
sometimes interrupted by responsibilities. Informal conversations were beneficial, allowing
interviews to emerge naturally from ongoing interactions. The interview guide remained
flexible, with questions evolving in response to the flow of the conversation.

Participant observation complemented the interviews by providing deeper insight
into animal-centred care practices. According to Atteslander [29], participant observation
involves “systematically capturing, recording, and interpreting perceptible behavior at the time of
its occurrence” (p. 73). A key feature of this method is the researcher’s personal involvement
in the participants’ interactions. As Mayring [28] explains, researchers become part of the
social system they observe. Participation varied from full involvement in work tasks to
observing caregivers’ routines [30]. The researcher’s role remained transparent, and partici-
pants were aware that the observations complemented the interview data. Observations
were conducted across four different contexts and with varying levels of active partici-
pation: (1) open days, (2) active participation in a work assignment, (3) accompanying
caretakers in their daily routines, and (4) observing caretakers and the veterinarian during
vaccinations. These observations were not standardised but were guided by a clear focus
on human–animal interactions and care relationships [31].

2.2.2. Data Analysis

Data analysis is based on a comprehensive dataset of semi-structured interviews,
ethnographic field notes, visual materials (including photographs), and reflective memos.
This approach provides a rich understanding of participants’ experiences and their context.
Interviews were audio-recorded, transcribed, and thematically analysed using MAXQDA
12 software. Initial coding followed a grounded theory approach, revealing key themes
that reflect the complexity of human–animal care work in the sanctuary. Ethnographic field
notes added context, highlighting social interactions and care practices, and were analysed
using the same thematic framework to identify patterns consistent with the interview data.
Thick descriptions captured the emotional and relational dynamics of care work, while
visual material was analysed alongside verbal data to deepen the understanding of partici-
pants’ experiences. Reflective memos documented the researcher’s evolving thoughts and
biases, enriching the analysis by reflecting on the dynamics between participants and the
challenges of care work.

Building on these findings, social worlds/arenas mapping was employed to visualise
the relationships between different actors and arenas in the sanctuary setting. This method
helped create a map representing the interconnected social worlds and the dynamics that
shape animal-centred care work. The map synthesises both instrumental and relational
aspects of care work, offering a clear, spatial representation of how different roles and
structures interact. The synthesis of these strategies provides a nuanced understanding of
the interplay between instrumental and relational care work in the sanctuary, highlighting
the importance of context and interpersonal relationships in shaping care practices.

2.3. Comparative Approach Using Social Worlds/Arenas Mapping

Social worlds/arenas theory provides a robust framework for investigating the com-
plexities of professional practices involving animals within institutional settings. By em-
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phasising the interactions and negotiations between diverse actors, this approach allows
for a detailed exploration of how multiple stakeholder perspectives, institutional norms,
and material conditions shape professional care practices.

To operationalise this framework, Clarke’s [15] situational analysis (SA) was employed
as a methodological tool. SA integrates the principles of grounded theory with mapping
strategies, thereby enabling the systematic visualisation and analysis of relations within
complex situations. Specifically, social worlds/arenas maps were constructed based on
empirical data from the two case studies. These maps focus on the primary arena of
animal-centred care work, with the various social worlds involved surrounding it. The
maps represent relationships and attributes such as boundary permeability (e.g., dashed
lines for porous boundaries) and size, with the latter indicating empirical prominence.

The subsequent synthesis of the data was facilitated by Clarke’s mapping strategies,
resulting in the creation of separate maps for each case study to identify key actors, rela-
tionships, and institutional structures. These maps were then used as analytical tools to
explore how stakeholder expectations and institutional norms shape care practices.

The comparative approach was designed to synthesise findings from the two case
studies, focusing on shared challenges and institutional distinctions. The maps enabled
the identification of overlapping social worlds and arenas, allowing for the abstraction of
broader dynamics that define animal-centred care work. Through this process, we explored
how the duality of care—instrumental and relational—is shaped and intensified by external
and internal demands across these professional contexts.

The integration of qualitative methods with situational analysis (social worlds/arenas
mapping) enabled the study to transcend mere descriptive analysis, thereby providing
a conceptual framework for comprehending the tensions and ethical dilemmas that are
intrinsic to animal-centred care work. This methodological integration provides a rigorous
basis for addressing the central aim of the paper, which is to illuminate how institutional
structures and stakeholder negotiations co-construct the dual responsibilities of care in
animal-oriented professions.

3. Study I: The Dual Approaches of Care in Veterinary Work

In veterinary medicine, caring for animals involves not only healing but also
killing, which has an ethically ambivalent role. Veterinarians often perceive killing
as a form of care, particularly when it is used for the purpose of alleviating suffer-
ing or for ethically justified purposes [20,32,33]. Veterinary care operates within a dy-
namic interplay of societal human–animal relationships, institutional frameworks and
professional interactions [34–36]. A complex interplay shapes how care is understood,
legitimized, and provided. Today, veterinary medicine is a specialized profession with
various practices, settings, and roles. Farm animal medicine differs greatly from com-
panion animal medicine because farm animals are considered not only patients but also
production units [37]. These social categorizations influence the goals of veterinary care,
shifting the focus from the health and well-being of patients to functionality and economic
prosperity. This ambivalence is reflected in—and influences—the negotiation of relational
and instrumental approaches to care.

3.1. Contextualizing Care in Farm Animal Medicine: Legal and Social Ambivalences

The ambiguity of the animal is reflected in its legal status in Germany. According
to the German Civil Code (§90a BGB), animals have a special legal status that is distinct
from property but not quite that of a legal subject. This tension between object and subject
status exemplifies the ambivalent social perception of animals. Further distinctions, such
as between livestock and companion animals, illustrate the legal nuances in veterinary
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practice. Horses, for example, occupy a unique position within the law and veterinary
care [38]. Depending on their classification as food-producing animals, there are restrictions
on the use of medicines that have a significant impact on their medical treatment. This
classification highlights how the legal and institutional framework influences care practices
and the ethical challenges faced by veterinarians.

In addition to legal issues, veterinary care is further complicated by the expectations
of various stakeholders. These include media portrayals, the demands of animal welfare
organisations, and the advocacy of law reform movements. A vet working with farm
animals spoke about the challenges of balancing the demands of different parties. She
talked about the negative portrayal of farm animal medicine in the media, as well as legal
restrictions and the focus on profitability in this field: “We’ve got a bit of a bad reputation, to
be honest. There was a really nasty article in DIE ZEIT that called us ‘drug dealers in green coats’,
which is just not true. On the one hand, we’ve got major restrictions on the active ingredients we’re
allowed to use for farm animals, and on the other, we’ve got to meet strict diagnostic requirements.
The more we do, the more difficult it is to balance being economical and legal.” (veterinarian
interview). Each stakeholder brings different and sometimes conflicting priorities to the
table, adding to the complex landscape in which veterinarians operate.

Veterinary care is further complicated by its triadic structure, involving the veterinar-
ian, the animal, and the client. Ethical tensions arise when the interests of these parties
diverge, particularly in matters of prioritisation [39,40]. The role of the veterinarian is often
debated: Is their function akin to that of a mechanic, whose duty is to follow the client’s
instructions, or closer to that of a paediatrician, who advocates for the best interests of the
dependent patient?

Law [41] extends this framework by suggesting two additional “objects of care” that
influence veterinarians: the wider societal responsibilities (‘the bigger picture’) and the vet-
erinarians themselves. These levels illustrate how the demands on veterinarians vary from
case to case, shaped by the complex web of actors, institutions, and societal expectations.

All of the interviewed vets emphasised that their work is always about the animal:
“I like (...) working with animals, I think they’re just very, very pleasant creatures” (veterinarian
interview). Despite this, safe food production was another central motive, as exemplified
by the statement of one vet: “I like being around people and animals. And working in food pro-
duction makes sense to me, it’s something relevant and important to us as a society” (veterinarian
interview). Veterinary work is not only imbued with the social values of caring for animals
but also of producing safe food: “Even this work in agriculture, I just see as something
that is relevant, something that is important for us as a society” (veterinarian interview).
This balancing of priorities often places veterinarians in ethically complex situations where
food safety and economic considerations influence care decisions, particularly in relation
to euthanasia.

3.2. Balancing Instrumental and Relational Care

In the context of farm animal medicine, instrumental care refers to interventions aimed
at preserving animal health and functionality within a production system, which often
prioritizes productivity, biosecurity, and herd management. In contrast, relational care
focuses on the well-being of individual animals and the emotional and ethical connections
among veterinarians, animals, and owners.

A farm veterinarian provided a detailed account of the treatment of a cow suffering
from milk fever, a condition that required immediate action to save the cow’s life and
preserve her productivity. The veterinarian’s intervention was guided by expert knowl-
edge of the disease’s pathophysiology and the practical goal of restoring the animal’s
productivity. While undoubtedly lifesaving, this care primarily reflects an instrumental
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approach in which the cow’s value is closely tied to her function within the production
cycle. Relational aspects, such as the veterinarian’s emotional connection to the animal
or the animal’s individual experience, remain implicit or subordinated. This points to
structural constraints that discourage deeper individual engagement. This is illustrated
by the description of a female veterinarian, in which the physiological state of the animal
is in the foreground and the act of killing is portrayed as a relief: “For me, it wasn’t too
bad because the animal was only released. I saw the whole story and it was hopeless, and the
animal had suffered a lot. It was a trapped cow, and for me, it was really about simply releasing the
animal from its suffering” (veterinarian interview). However, the interviews also include
examples in which animals are euthanised because appropriate care is not possible on
the farm. In such so-called “animal welfare cases” (veterinarian interview), veterinarians
must make decisions that reveal the limitations of both instrumental and relational care.
These cases are perceived as particularly distressing. These cases take an emotional toll on
veterinarians, reflecting their ethical ambivalence and tension. Deelen et al. [42] highlighted
the incongruity between ethical principles, such as the ‘best interest’ of the animal, and the
pragmatic realities that veterinarians encounter in their daily practice.

Another veterinarian described a situation where she treated a farmer’s “favourite
cow” (veterinarian interview). Despite her best efforts, the cow’s health deteriorated due
to complications from a claw resection, and the cow was ultimately sent to the slaughter-
house, a decision the veterinarian later regretted. She expressed her remorse, stating, “In
hindsight, I wish we had euthanised her earlier. The journey to the slaughterhouse could have been
spared; it was not necessary” (veterinarian interview). This case exemplifies the conflicting
demands of care: the veterinarian’s emotional engagement with the individual animal and
the institutional pressures that prioritise the cow’s classification as a productive resource.
The veterinarian’s reflections underscore the tension between relational care, grounded
in empathy for the animal, and the structural realities of farm animal medicine, which
often limit such considerations. The “favourite cow” case is an example of a rare moment
when relational care takes centre stage. The veterinarian treats the animal not only as a
patient or production unit but also as an individual with whom the farmer and the vet
share a history. The subsequent regret about not euthanizing the animal earlier suggests
dissonance between the veterinarian’s emotional commitment and the institutional re-
quirement to preserve economic value for as long as possible. These moments of moral
distress reveal how relational care persists in the background and is often in tension with
dominant expectations.

These cases demonstrate the intertwining of instrumental and relational care in farm
animal medicine. Although care is typically provided within a framework that emphasizes
productivity and efficiency, veterinarians also engage in emotionally charged, ethically com-
plex practices that demonstrate their commitment to the well-being of individual animals.
As one veterinarian insightfully observed, “We’re in a bind—our clients are the animal owners,
but we’re also responsible for the animals’ welfare” (veterinarian interview). The persistence of
relational care, even under institutional constraints, reveals its enduring role in farm veteri-
nary medicine. Recognizing this dual approach of care can improve our understanding of
the emotional labour and moral tensions that shape everyday veterinary practice.

4. Study II: The Complex World of Care Work in Rescue Centres

While veterinary medicine highlights tensions between relational and instrumental
care in a clinical setting, animal sanctuaries offer a different institutional and emotional
landscape. Here, the data reveal complex dynamics between these two forms of care,
shaped by nuanced human–animal interactions, as well as structural challenges. Care-
givers operate within a framework shaped by institutional constraints, resource limitations,
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and the individual needs of the animals. These challenges reveal how the practical and
emotional aspects of animal-centred care intersect, affecting both the carers and the animals.

4.1. Care Work in the Sanctuary: Context and Challenges

“The most important task as an animal carer? That my animals are well. Quite simply, that
my animals are doing well” (caregiver interview).

The selected wildcat sanctuary operates with a mix of full-time staff, volunteers, and
interns who care for animals from a variety of backgrounds, including zoos, circuses, and
private ownership. Although the organisation sees itself as a temporary sanctuary, ideally
with the goal of finding better permanent homes, many of the hard-to-rehome wild cats
end up staying there permanently. New staff at the sanctuary, often trained in hierarchi-
cal zoo environments, undergo a transition to its more personalised yet administratively
complex working structure, where unclear leadership, differences in expertise among
team members, and chronic understaffing pose significant challenges. As one of the few
full-time staff members summarised it, “I feel more responsible here than at the zoo” (caregiver
interview). However, this increased responsibility comes with considerable challenges,
as professional staff with specialist knowledge must work with volunteers who may lack
comparable knowledge yet are actively involved in decision-making processes. This inter-
play reveals that relational care, grounded in responsibility and emotional commitment,
may be disrupted by institutional or knowledge-based hierarchies—an often-overlooked
aspect of animal-centred work. This dynamic often causes conflict or inefficiency due to
mismatched expertise and authority within the sanctuary team. The sanctuary’s outdated
enclosures and financial constraints compound the challenges. While efforts to improve
living conditions continue, these constraints affect both the welfare of the animals and the
daily routines of their caretakers.

4.2. Settling In: Individualised Care and Challenges

The individualised care of animals at the sanctuary begins with their admission and
acclimatisation. An example of this process is illustrated by an employee’s account of a
serval: “With him [pointing to Serval] it’s just a difficult story, because he came from this flat, that
is, he was used to people, this woman also told us that he sometimes slept in bed with us [sic], [...]
but when he was here, he didn’t show himself to be accessible to us at all, so really zero” (caregiver
interview). In cases like this, a longer familiarisation process ensues, wherein staff members
work to build trust through food and play. However, disruptive events—such as necessary
veterinary check-ups or vaccinations—can hinder this progress, creating a delicate balance
between granting the animal freedom and familiarising it with new living conditions. As
one staff member notes, “Well, when an animal is new here, you actually try to leave it as
undisturbed as possible at the beginning, so that it can acclimatise in peace, i.e., to build up as little
pressure and stress as possible, but on the other hand I at least do it in such a way that I show myself
to the animal a lot, even during normal procedures, so that the animal also gets to know it, so don’t
wrap it in cotton wool, it should get to know the noises and everything that goes on here every day”
(caregiver interview).

This acclimatisation process is further complicated by the inherent dangers of the
animals, which limits direct access for handling. For example, moving animals from
outdoor to indoor enclosures is a necessary task due to legal housing requirements, cleaning
schedules, or significant temperature drops. Additionally, some animals respond differently
to individual carers or volunteers. Employee R describes a female cougar as a “cat for women”
and notes that she is “female-oriented” (caregiver interview). This observation prompts a
male colleague to invest extra effort in building rapport with her: “I realised that the puma
is afraid of me because she doesn’t know me at all. She’s mistrustful of men anyway, but she gets
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on really well with [staff member R] and not with me. So, I spend more time with the puma now,
bribing her with a little milk [...] to show her that I’m not so bad” (caregiver interview). Such
relational care fosters trust, which is essential for the daily interactions between caregivers
and the animals.

4.3. Instrumental Care: Practical Responsibilities

Instrumental care encompasses the practical, routine tasks required to maintain an-
imal welfare, such as enclosure maintenance and health interventions. These practices
are primarily guided by species-specific standards and legal requirements, often carried
out under considerable time and resource constraints. Daily cleaning routines are comple-
mented by periodic deep cleaning and the replacement of bedding, requiring considerable
effort and volunteer involvement. For instance, staff must move logs, branches, and other
materials to ensure the animals’ environments remain enriching. While some changes
provide enrichment, others can be challenging for individual animals, particularly those
with specific needs, such as the caracal that is blind in one eye. To accommodate its spatial
awareness difficulties, the staff has opted to maintain a stable habitat to allow the animal to
navigate comfortably.

The sanctuary adheres to the principles of behavioural enrichment, incorporating
various structures and toys to enhance the animals’ daily lives. For example, after Christ-
mas, staff collect discarded Christmas trees, whose unique scents and textures provide
stimulating experiences. One caretaker reflects, “So we make an effort, I’d like to do a bit
more, but there’s often not enough time to really sit down and prepare and make something more
elaborate, which is why it’s usually something that you just put in or hang up, which doesn’t require
much effort” (caregiver interview). Due to limited resources, care that extends beyond
basic provisioning often relies on external support, such as workshops with visitors and
volunteers to create enrichment elements from materials like fire hoses or car tires.

Health care is another crucial aspect of instrumental care. The sanctuary collaborates
with a local veterinarian who has experience with exotic animals. Routine veterinary visits,
including vaccinations, require meticulous planning and preparation. For large cats like
tigers and pumas, vaccinations can occur from a distance using a blowgun, while smaller
animals necessitate direct injections. Staff utilise specially designed boxes to facilitate safe
and close contact during these procedures, although such preparations require time and
are often constrained by daily schedules and safety regulations.

Despite the necessity of veterinary interventions, these visits are often negative ex-
periences for both animals and staff, compounded by the inability to communicate the
underlying intentions of care: “They don’t realise that we’re only doing them good, for them
the negative experience, the prick, the stress, that just stays there” (caregiver interview). This
communicative barrier highlights a fundamental tension within relational care: while
caregivers may act out of genuine concern, their inability to explain or justify these actions
to the animals undermines the trust they seek to build. The resulting mismatch between
intention and reception is not only emotionally taxing but also ethically charged, as it
confronts the limits of empathy and understanding across species boundaries. This dimen-
sion becomes particularly relevant when comparing professional care in sanctuaries with
veterinary contexts, where emotional bonds and practical interventions are continuously
re-negotiated. Efficiency and pragmatic implementation take precedence, often forcing
caregivers into ethically and emotionally challenging interactions; for example, caregivers
may use sliding doors as lures to encourage animals closer to the blowgun. Staff often feel a
palpable sense of resentment toward the stressful impact of these procedures on the already
tense animals, and each successful vaccination is met with relief—not only for procedural
success but in order to preserve a fragile relational dynamic.
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4.4. Relational Care: Building Trust

In contrast, relational care emphasises the establishment of trust and understanding
between the caregivers and the animals. Daily interactions are crucial for rebuilding
and maintaining this trust, even amid intrusive medical measures. “I had picked up a
pretzel with butter from the bakery earlier and was eating it when I broke off a piece to give
to her. Surprisingly, she was completely relaxed, even though we had just caught her half an
hour earlier using significant restraint, and I had to hold her tightly to prevent her from biting.
Despite that, she sat calmly in front of me looking out and taking the pretzel from me. I found it
fascinating. People often say that we don’t want to harm them, and perhaps she sensed that. Yet,
the very act of capturing her with force could have made her want to withdraw completely. I found
that really impressive” (caregiver interview). This moment encapsulates a fundamental
tension within caregiving practices: the caregiver’s emotional investment and ethical intent
may not always coincide with species-specific welfare protocols. The act of offering a
buttered pretzel—perhaps motivated by a desire to comfort or reestablish connection—
underscores the practical and ethical complexities of navigating affective responsiveness
within the constraints of institutional care. Such seemingly minor gestures illuminate
broader ambiguities inherent in sanctuary-based caregiving, where anthropomorphic
inclinations, shifting care standards, and affective bonds frequently intersect. Rather
than interpreting these actions solely as errors or lapses in judgment, we propose that
they be understood as illustrative of the ongoing negotiation that defines care work—an
arena marked by the continual recalibration of ethical ideals, material constraints, and
the lived dynamics of interspecies relations. Caregivers recognise the downsides of their
work, grappling with the potential consequences for their relationships with the animals,
particularly concerning health-related interventions that may involve difficult decisions,
such as euthanasia.

In the sanctuary, interactions between humans and animals are shaped by a physical
division of their living spaces, highlighting themes of proximity and distance. Unlike pets
that are integrated into human households, wild animals reside within human structures
that are tailored to meet their needs. Consequently, these encounters occur in a liminal
space that considers the animals’ natural requirements alongside human factors, including
architectural and financial constraints and practical caregiving issues. Following the social
worlds/arenas theory, it becomes clear how many different social worlds interact in the
realisation of such measures. Within the animal sanctuary, the carers’ groups coordinate
their activities with volunteers and association boards. At the same time, the worlds of
visitors, institutions, and regulating authorities are also affected. The desire to improve
husbandry conditions is complex and requires the purchase of land, which affects financ-
ing and utilisation requirements. Food donations also fluctuate in quantity and quality,
influenced by various external actors, such as slaughterhouses and hunters.

In summary, the analysis of care work in the sanctuary reveals a nuanced interplay be-
tween instrumental and relational care. While instrumental care encompasses the practical
aspects of animal welfare, relational care highlights the importance of building trust and
understanding between carers and animals. Sanctuary staff strive to navigate these dimen-
sions while meeting legal and public expectations, ultimately aiming to provide a safe and
nurturing environment for the animals in their care. Sanctuary staff treat each animal as
an individual from the moment they arrive, taking into account their specific needs and
personality traits. Their training enables them to professionally assess and interpret animal
behaviour, fostering an intimate understanding of each creature. However, this intimacy
is balanced by the need for professional distance, especially during veterinary visits or
rehoming. Caregivers must sometimes prioritise the wider interests of animal welfare over
personal emotional relationships. Animal welfare legislation imposes further restrictions
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on care practices, requiring a balance between legal requirements and the needs of the
animals. Public pressure for transparency and efficiency often leads to conflict and funding
challenges. Therefore, effective sanctuary care requires recognition of these complexities
and the development of strategies that balance financial support, legal frameworks, public
perception, and internal communication.

5. Negotiating Dual Approaches of Animal-Centred Care Work

This comparative study explores the inherent tensions within professions dedicated to
animal care. Based on two empirical cases from veterinary medicine and animal sanctuaries
in Germany, we analysed how animal-centred care is shaped by negotiations between
stakeholder expectations, institutional frameworks, and professional judgement. These
care practices occur within a broader context in which various logics of action—economic,
legal, relational, and ethical—intersect.

Our findings confirm two aspects of care: instrumental care, which is focused on
standardised and efficient procedures that are appropriate for the species in question, and
relational care, which is characterised by empathy, individual attention, and trust. Rather
than existing as distinct approaches, these forms of care occur together in everyday practice.
Professionals and caregivers must constantly adapt to situational demands and ethical
complexities by navigating between them.

To visualise this complexity, we created a social worlds/arenas map (see Figure 1),
which illustrates the variety of groups involved in animal-centred care work. Rather
than aiming for completeness, the map emphasizes key tensions to facilitate comparative
analysis of animal-centred care work. The central blue area represents the dynamic space
in which care is provided. The surrounding, intersecting social worlds demonstrate how
diverse institutions, professions, and movements influence the meanings and boundaries of
care. The open worlds on the margins reflect the openness and fluidity of social processes,
where boundaries are permeable and roles are continually evolving.
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Figure 1. Arena of animal-centred care work.

Veterinary medicine is a prominent feature on the left, encompassing practices, clinics,
and offices that are responsible for medical treatment, public health, and legal enforcement.
This sector is closely intertwined with the fields of animal food production, including the
feeding industry, slaughterhouses, and game hunting, where economic and legal demands
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dominate. Below this cluster, animal welfare emerges as a scientific and legal domain,
bridging research, ethical discourse, and regulatory policy.

In contrast, the right side of the map is shaped by civil society actors, particularly
animal welfare and animal rights movements. These groups exert influence on public dis-
course, shape legislation, and often challenge institutional practices. This sphere intersects
with the media, which reflects and shapes societal attitudes towards animals. Also depicted
are caretakers, whose roles span private homes, public institutions, and sanctuaries, each
with different care principles and constraints. Finally, political and public administration
fields connect and mediate between legal, scientific, and public demands.

This visualisation highlights a key point: care work is not carried out in isolation but
is embedded in a web of competing expectations and value systems. The complexity of this
arena necessitates a flexible and responsive approach to care that incorporates structural
and relational considerations. For instance, veterinary professionals must comply with
regulations and manage efficiency while responding empathetically to animal suffering.
Similarly, sanctuary staff must balance intimate, trust-based relationships with practical
constraints and safety rules.

Both study settings reveal an ongoing interplay between instrumental and relational
care, which is influenced by institutional frameworks, societal expectations, and situational
demands. Care is not purely objective or entirely empathetic but, rather, a dynamic practice
that is negotiated within a given context. In farm animal medicine, instrumental care
often dominates due to species-level objectives such as productivity, food safety, and cost
efficiency [37]. However, this does not exclude relational elements: veterinarians report
emotional moments such as regret over euthanasia decisions or recognition of animals
as sentient beings [13,41]. These moments demonstrate that relational care can emerge
even within structured, efficiency-driven systems. In rescue centres, relational care is
more explicit [43]: caregivers build trust and form individual bonds with the animals
in their care. Nevertheless, instrumental concerns remain central. Practical demands
such as limited resources, safety protocols, and legal compliance necessitate a structured
approach to care [44]. Even trust-building processes, such as acclimatisation, are influenced
by institutional constraints. This interplay between institutional mandates and ethical
imperatives often generates complex dilemmas, particularly in cases where an animal’s
well-being conflicts with prescribed protocols [45]. Together, these cases demonstrate
that animal-centred care involves an ongoing negotiation between ethical sensitivity and
pragmatic demands, with professionals continually adapting their approach.

While this study focuses on institutional and professional negotiations surrounding
animal-centred care, it is important to acknowledge a further dimension: the role of animals
as more than passive recipients of care. Although not the primary focus here, emerging
research in animal studies and multispecies ethnography emphasises the significance of
animal agency in shaping care relations. Moments of trust, resistance, or behavioural
expression on the part of animals are not merely background conditions but can actively
influence how care is enacted and experienced. Recognising this dimension further under-
scores the complexity of care as a negotiated and relational practice [11,41,46].

Therefore, care is always situated. It reflects the professional, cultural, and institutional
environment in which it occurs. In the German context, for instance, this encompasses
robust legal frameworks for animal welfare, relatively high levels of public awareness
of animal rights, and substantial civil society involvement. While these findings may
not be directly generalisable to other socio-legal contexts, they offer important insights
into how care practices are embedded in broader societal frameworks. Ultimately, we
argue that adequate, animal-centred care requires a continual negotiation between the
instrumental and relational dimensions. Neither dimension is sufficient on its own. Only
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by acknowledging this duality can professionals and caregivers respond ethically and
effectively to the complex and often contradictory demands of their work.

6. Conclusions

In light of these findings, the following conclusion summarises the key insights and
implications for professional care work. Animal-centred care work in veterinary medicine
and animal sanctuaries is characterised by two approaches: while instrumental care focuses
on species-based needs, relational care emphasises the individual and relational aspects.
Those working with animals are faced with the challenge of balancing ethical responsi-
bilities with economic constraints and institutional conditions. Structural frameworks
play a central role in shaping care practices by categorising animals, defining regulatory
guidelines, and determining available resources. These structures reflect societal values and
can either constrain or enable the quality of care. The valuation of the two care approaches
is negotiated through a social process involving different actor groups. Addressing the
dual demands of care requires not only policy reforms to ensure adequate resources, but
also a cultural shift that recognises care as a core professional and ethical practice.
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Simple Summary: Back injuries, especially fractures in the lower spine, are common in
dogs. Surgeons often use special screws to stabilize these fractures, but the best angle to
place these screws is not well understood. In this study, we used computer simulations to
test how different screw angles affect stress and movement in a dog’s spine. We created
a 3D model of a beagle’s lower back from CT scans and tested screws inserted at angles
between 45◦ and 65◦. Our results showed that screws placed at 58◦ caused the least stress
on the spine, while angles between 56◦ and 60◦ provided the most stable fixation. This
information can help veterinarians perform safer and more effective surgeries for dogs with
spinal fractures. Future research should test these findings in real surgeries and different
dog breeds.

Abstract: Pedicle screw fixation is a critical technique for stabilizing lumbar fractures in
canines, yet the biomechanical implications of insertion angles remain underexplored.
This study aims to identify optimal screw trajectories by analyzing stress distribution and
deformation patterns in beagle lumbar segments (L6-L7) using finite element analysis
(FEA). A 3D finite element model was reconstructed from CT scans of a healthy beagle,
incorporating cortical/cancellous bone, intervertebral disks, and cartilage. Pedicle screws
(2.4 mm diameter, 22 mm length) were virtually implanted at angles ranging from 45◦ to 65◦.
A 10 N vertical load simulated standing conditions. Equivalent stress and total deformation
were evaluated under static loading. The equivalent stress occurred at screw–rod junctions,
with maxima at 50◦ (11.73 MPa) and minima at 58◦ (3.25 MPa). Total deformation ranged
from 0.0033 to 0.0064 mm, with the highest at 55◦ and the lowest at 54◦. The 58◦ insertion
angle demonstrated optimal biomechanical stability with minimal stress concentration,
with 56–60◦ as a biomechanically favorable range for pedicle screw fixation in canine
lumbar fractures, balancing stress distribution and deformation control. Future studies
should validate these findings in multi-level models and clinical settings.

Keywords: canine lumbar spine; finite element analysis; pedicle screw fixation; insertion
angle; biomechanical stability
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1. Introduction

Common lumbar spinal disorders in canines encompass a variety of conditions in-
cluding intervertebral disk herniation, vertebral fractures, neoplastic lesions affecting the
spinal cord and nerve roots, and acute spinal cord injuries [1,2]. Among these pathologies,
vertebral fractures or dislocations of traumatic etiology account for approximately 7% of
cases, with lumbosacral region injuries being particularly prevalent [2]. In addition, when
genetic or congenital ligament structural instability weakens the support function of the
spine, potential pathological processes may lead to impaired bone integrity, which in turn
can cause pathological fractures [3]. These lumbosacral fractures and dislocations constitute
39% of all spinal pathology cases documented in veterinary practice [4], which may lead to
motor dysfunction, and urinary and fecal incontinence, seriously affecting quality of life in
the animal.

Surgical intervention for lumbar fractures in canines is a method for achieving
an anatomical reduction in the fractured vertebral segment, coupled with spinal cord
decompression, contingent upon the neurological status and the extent of the traumatized
region. Research has shown that there is a significant correlation between the treatment
effect of canine spinal fractures and anatomical features [5]. In contrast to human spinal
anatomy, canine vertebral dislocations and diverse fracture patterns typically present in
recumbency, necessitating that pedicle screws and vertebral body implants be strategically
positioned to traverse the maximal transverse diameter of the vertebral body [6]. This
anatomical consideration enables secure fixation across adjacent vertebrae. The L6 segment
is particularly susceptible to lumbar fractures in dogs, whereas the L7 segment has been
identified as the most favorable site for pedicle screw fixation.

Finite element analysis (FEA) is a digital calculation method that uses computer-
aided design to construct research models, simulate mechanical processes, and conduct
mechanical analysis. The basic idea of FEA is to divide a certain structure into a number
of small elements, assigning various mechanical properties (such as the elastic modulus
and Poisson’s ratio), to establish a matrix equation under loaded conditions for calculating
the stress–strain relationship influenced by external forces, pressure, and other factors [7].
In the field of biomechanics, FEA can effectively simulate the mechanical response under
complex physiological conditions, being especially suitable for the mechanical performance
evaluation of the skeletal system [8]. Moreover, computer simulation can effectively
reduce the use of experimental animals, in line with the 3R principle [9]. In human
medicine, three-dimensional finite element analysis has been employed to enhance the
accuracy of surgical approach evaluation and intraoperative planning in spinal surgery.
Within the neurosurgical field, drill guide template technology has been developed for
precise guidance during spinal fixation screw placement [10]. Previous studies have
proposed a pedicle screw insertion angle range of 45◦ to 65◦ for canine lumbar fixation [11];
however, the specific optimal angles within this range for canine clinical applications
remain unexplored.

Therefore, this study, using beagle dogs as experimental subject, initiated a three-
dimensional (3D) model of the L6 and L7 lumbar segments in beagle dogs, derived from
CT scan data. Subsequently, a finite element fracture model was constructed using Mimics,
Geomagic, and Solidworks software. This model was then imported into Ansys for FEA to
ascertain the distribution of equivalent stress and total deformation when pedicle screws
were inserted at angles ranging from 45◦ to 65◦. This analysis aims to provide a theoretical
foundation for the biomechanical investigation of lumbar fractures in canines.
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2. Materials and Methods

2.1. Ethics Statement

This study was approval by the Sichuan Agricultural University Animal Ethical and
Welfare Committee with the approval number 20240221. All the animal procedures were
conducted in strict accordance with the National Standards for Laboratory Animal Welfare
(GB/T 35892-2018, China) [12], designed to minimize discomfort, including standardized
anesthesia monitoring and post-procedural care.

2.2. CT Imagine Collection of Beagle Dog

A 2-year-old male beagle dog (body weight: 14.2 kg) was selected for this study,
provided by the Sichuan Science and Technology Resources Sharing Platform of Bea-
gle Dog Breeding and Experimental Technology Service. Anesthesia was induced with
an intravenous injection of Zoletil® 50 (tiletamine-zolazepam, Virbac, France) at a dose
of 10 mg/kg, and maintained with isoflurane (1–2% in oxygen) to ensure stable vital
signs (heart rate: 80–100 bpm; respiratory rate: 15–20 breaths/min; rectal temperature:
38.0–39.0 ◦C) during scanning.

The dog was positioned in the supine position for CT scanning in Chengdu Ultra-
sound Imaging Center Co., Ltd., Chengdu, China (model uCT503e, featuring 40 rows and
40 layers). The CT scan settings were as follows: tube voltage, 120 kV; tube current, 250 mA;
slice thickness, 3 mm; rotation time, 1.00 s; pitch, 0.6250; reconstruction matrix, 512 × 512;
reconstruction slice thickness, 1 mm; bone window width, 2600 HU; window level, 800 HU;
soft tissue window width, 300 HU; and window level, 40 HU. These settings were similar
to those applied in our previous study [13].

The CT images were reviewed by a veterinary radiologist board-certified by China
Veterinary Association to confirm the absence of spinal abnormalities (e.g., congenital
deformities, fractures, or disk herniation) and ensure the clarity and completeness of
L6-L7 segments.

2.3. Three-Dimensional Reconstruction of the Lumbar Spine

The 3D reconstruction tasks were performed on a personal computer equipped with
an Intel(R) Core(TM) i5-8300H CPU operating at 2.30 GHz, with 16.0 GB of RAM, and
running the Windows 10 Professional operating system, manufactured by ASUS Computer
Inc. The 3D reconstruction and modeling were performed using Mimics 21.0, developed by
Materialise in Vallda, Sweden. The DICOM format CT images were imported into Mimics
21.0 software for 3D reconstruction.

In Mimics 21.0, the threshold range for bone was set between 226 and 3071 HU,
consistent with previous study [14]. After threshold selection, Mimics identified all regions
within the lumbar spine. A base mask was created, and the “Measure” command was
used to measure the length of the lumbar spine. Irrelevant regions (e.g., rib fragments,
soft tissue) were manually erased using the “Edit masks” function, and voids within
the vertebral body (due to partial volume effects) were filled with the “Close Holes”
tool (hole diameter < 2 mm). To refine the segmentation of disconnected bony structures
(e.g., articular processes), “Region growing” was applied with a seed point placed at the
center of the L6 vertebral body, using a threshold tolerance of ±10 HU to ensure consistent
inclusion of cancellous bone.

2.4. Smoothing and Repairing of the Bone Models

The 3D model was neatly computed using the “Compute Component” command.
To ensure accuracy in finite element analysis, the model quality was set to “Optimal.”
Surface smoothing was performed using the “Remesh” operation in the 3-matic module of

122



Vet. Sci. 2025, 12, 682

Mimics. The “wrap” and “smooth” functions were applied, with the smooth coefficient set
to 0.3 (balanced to preserve anatomical details while reducing noise). The model was then
exported into STL format and imported into Geomagic Wrap 2017 (3D Systems, Rock Hill,
SC, USA) for further smooth processing.

Cortical and cancellous bone were separated based on CT value thresholds (cortical
bone: >800 HU; cancellous bone: 226–800 HU) and imported into SolidWorks 2021 (Das-
sault Systèmes, Vélizy-Villacoublay, France) for solidification. The L6 and L7 vertebrae
were modeled as separate components and aligned at the global origin. An intervertebral
disks (L6-L7) and articular cartilage were designed using anatomical measurements. The
intervertebral disk and cartilage were created using sketching, copying, splitting, combin-
ing, and intersecting operations. The L6 segment was aligned vertically, and a fracture
surface was cut perpendicular to the long axis of the vertebral body.

2.5. Assembly of the Lumbar Fracture Internal Fixation System

Pedicle screws were selected for internal fixation at different insertion angles. The
screws were designed based on clinical standards and the size of the beagle. Four pedicle
screws were modeled in Solidworks, each with a cap diameter of 4 mm, screw diameter of
2.4 mm, and total length of 22 mm [15]. The screws were inserted into the lumbar model at
angles ranging from 45◦ to 47◦, 50◦–60◦ with 1◦ intervals, 63◦, and 65◦.

The assembled model was imported into Ansys, and each component was set as
a separate part. Surface mesh inspection was performed to remove and manually repair
deformed, overlapping, or disconnected meshes.

2.6. Finite Element Parameter Assignment and Loading

The cortical bone, cancellous bone, annulus fibrosus, nucleus pulposus, and ligaments
were treated as linear elastic materials. The material properties were simplified to isotropic
and linear elastic to improve computational efficiency. The pedicle screws and rods were
made of titanium alloy (Ti-6Al-4V), with material parameters derived from previous studies.
The material parameters are listed in Table 1.

Table 1. Material parameters of model components.

Material Elastic Modulus (MPa) Poisson’s Ratio

Cortical Bone 12,000 0.30

Cancellous Bone 132 0.20

Nucleus Pulposus 1 0.49

Annulus Fibrosus 4.2 0.45

Articular Cartilage 11 0.40

Endplate 23.8 0.40

Ti-6Al-4V (Pedicle Screw) 110,000 0.30

Ti-6Al-4V (Fixation Rod) 110,000 0.30

2.7. Finite Element Analysis

For this study, a vertical load of 10 N was applied to simulate normal standing or
walking conditions. The contact between the lumbar spine and implants was defined as
fixed, with no sliding allowed. The intervertebral disk and vertebral body contacts were
set as bonded, and the facet joints were defined as non-separable in the vertical direction
but free to move horizontally. A 10 N force was applied to the spinous process, and the
distal end of the lumbar spine was set as a fixed support.
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The 3D finite element model was imported into Ansys. The equivalent stress and total
deformation were calculated to compare the stress distribution and deformation in the
lumbar spine with pedicle screws inserted at different angles under a 10 N vertical load.

3. Results

3.1. Model Establishment Results

A high-fidelity 3D model of the beagle dog’s L6-L7 lumbar segments was successfully
reconstructed from CT scan data, with clear visualization of anatomical details including
the vertebral bodies, pedicles, transverse processes, spinous processes, intervertebral disk
(L6-L7), and articular cartilage (Figure 1).

Figure 1. Scheme of 3D model and finite element analysis.

The pedicle screw model was designed with a cap diameter of 4 mm, a screw diameter
of 2.4 mm, and a total length of 22 mm, featuring a threaded arc length of 106.56 mm. To
systematically evaluate the influence of insertion angles on biomechanics, 15 finite element
models were constructed, each with pedicle screws implanted at distinct angles relative to
the vertebral sagittal plane: 45◦, 47◦, 50–60◦ (at 1◦ intervals), 63◦, and 65◦. Mesh quality
assessment for each model (Table 2) showed node counts ranging from 161,757 to 168,027
and element counts ranging from 83,010 to 87,710, indicating high mesh quality suitable
for subsequent FEA.
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Table 2. The number of division nodes and elements in the pedicle screw implantation model under
different angles.

Angles Nodes Elements Angles Nodes Elements

45◦ 166,209 87,002 56◦ 168,027 87,710

47◦ 165,931 86,450 57◦ 165,850 86,478

50◦ 164,932 86,269 58◦ 164,115 85,784

51◦ 164,923 86,269 59◦ 165,859 86,478

52◦ 164,923 86,269 60◦ 166,389 86,852

53◦ 166,622 86,463 63◦ 161,757 83,027

54◦ 161,725 83,010 65◦ 166,622 86,436

55◦ 168,027 87,710

3.2. Equivalent Stress at Different Pedicle Screw Implant Angles

Under a 10 N vertical load, the equivalent stress (von Mises) distribution across the
L6-L7 fixation system varied significantly with pedicle screw insertion angles (Figure 2A).
Consistent with biomechanical principles, stress concentration was most prominent at
two key locations, (1) the screw neck (the junction between the screw cap and shaft) and
(2) the interface between the screw cap and the fixation rod, which are recognized as
potential high-risk regions for implant fatigue failure in spinal fixation systems.

Figure 2. Equivalent stress at different pedicle screw insertion angles. (A) Distribution map of
equivalent stress at 45◦implant angle; (B) equivalent stress at different implant angles.

Quantitative analysis revealed that peak equivalent stress across all angles ranged
from 3.2454 MPa to 11.7300 MPa (Figure 2B), with the highest value observed at 50◦

(11.7300 MPa) and the lowest at 58◦ (3.2454 MPa). Notably, stress values fluctuated sub-
stantially between 45◦ and 55◦ (range: 7.82–11.73 MPa), whereas angles between 56◦ and
60◦ showed relative stability (3.25–5.12 MPa).

3.3. Total Deformation at Different Pedicle Screw Insertion Angles

Total deformation (cumulative displacement) of the L6-L7 fixation system under
10 N loading was primarily localized to the intervertebral disk (L6-L7) and articular car-
tilage of the facet joints, consistent with their role as compliant structures in the spinal
column (Figure 3).

Quantitative analysis of peak total deformation (Table 3) showed a range of 0.0033 mm
to 0.0064 mm across all angles. The highest deformation was recorded at 55◦ (0.0064 mm),
primarily concentrated in the posterior annulus fibrosus of the L6-L7 disk, suggesting
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increased tensile stress on the disk at this angle. Conversely, the lowest deformation was
observed at 54◦ (0.0033 mm), with minimal displacement in both bony and soft tissue
structures, indicating enhanced stability of the fixation system. Among them, angles
between 51◦ and 54◦ consistently exhibited low deformation (<0.0040 mm), while angles
at the extremes of the tested range (45◦, 55◦) showed higher displacement (>0.0055 mm),
highlighting a potential relationship between insertion angle and system stability.

 
Figure 3. Total deformation distribution diagram of pedicle screw implantation in the lumbar spine (45◦).

Table 3. Maximum total deformation values of pedicle screw implants at different implantation angles.

Angles
Maximum Total

Deformation (mm)
Angles

Maximum Total
Deformation (mm)

45◦ 0.0066 56◦ 0.0043
47◦ 0.0055 57◦ 0.0035
50◦ 0.0046 58◦ 0.0051
51◦ 0.0034 59◦ 0.0041
52◦ 0.0041 60◦ 0.0049
53◦ 0.0045 63◦ 0.0035
54◦ 0.0033 65◦ 0.0038
55◦ 0.0064

4. Discussion

Finite element analysis has unique advantages in orthopedic biomechanics, including
the following: (1) non-invasive modeling, which allows simulation of complex biomechan-
ical behaviors without the need for physical specimens or animal trials; (2) stress–strain
analysis that can predict stress distribution in bones, implants, and soft tissues, helping
identify potential failure points; and (3) pre-surgical planning and virtual testing that helps
surgeons evaluate different fixation strategies as well as implant performance under ex-
treme conditions before real-world application [16,17]. Some canine lumbar biomechanical
studies have existed. Yuki Kikuchi et al. [18] developed L1-L2 finite element models from
canine CT data, applying 0.2–2 Nm incremental loads to demonstrate functional spinal
unit stabilization. Their parallel mechanical testing and FEA of L1-L2 and L5-L6 segments
showed strong correlation between computational predictions and experimental results.
Tailong Yu et al. [19] designed a biodegradable dynamic stabilization system for interfaced
lumbar fusion, demonstrating comparable fusion outcomes and biomechanical perfor-
mance to those of rigid fixation with safe in vivo degradation. However, our study is the
first study using the FEA method for determining the best angle for pedicle screw insertion
in L6-L7.
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During normal standing or walking, dogs primarily experience vertical downward
pressure on the lumbar spine due to their weight being transmitted through the limbs.
TAE-HONG LIM et al. [20] conducted a comprehensive biomechanical evaluation of the
intact L6-L7 functional spinal unit. Their model predicted key parameters including
flexion angle, axial stiffness, and facet joint contact forces. The study established that
applying a load equivalent to 7% of canine body weight represents a physiologically
reasonable loading condition for lumbar spine analysis. Given that the present experiment
primarily investigates stress distribution during normal walking and standing states rather
than overload conditions, the vertical loading force was set at an average of 10 N for
beagles (7% of 14 kg), with the direction oriented vertically downward. A frictional contact
interaction was defined between the lumbar vertebrae and the implant, which was modeled
as a fixed interface.

In FEA, equivalent stress characterizes the internal resistance of a material to defor-
mation under external loading. The displacement reflects the relative motion between the
implant and bone tissue, serving as a critical indicator for evaluating the stability of the
internal fixation system. Total deformation value refers to the microscopic displacement
of bone tissue under mechanical loading at fracture sites, which serves as an indicator for
assessing bone stability [21]. A study [22] reported that titanium alloy implants undergo
irreversible deformation at a stress of 450 MPa, with fracture risks exceeding 600 MPa. Our
results demonstrated that the greatest implant stress was 11.73 MPa, with fracture risks
being much lower. Comparative analysis of maximum equivalent stress nephograms across
internal fixation models revealed consistent stress distribution patterns in pedicle screws,
with maximum axial displacement occurring proximally at loading sites and gradually
decreasing distally. The 51◦–54◦ and 59◦–65◦ insertion angles showed lower displacement
magnitudes compared to overall values, with peak total deformation ranging between
0.0033 and 0.0064 mm. These findings illustrated that the degree of postoperative micro-
motion of the pedicle screw fixation end is within an acceptable range, reducing the risk of
surgical failure caused by displacement [23].

Although the FEA results are all within the acceptable range of lumbar spine biome-
chanics, notable abrupt deformations or stress fluctuations were observed in response to
specific angular deviations. For example, the maximum intervertebral disk deformation
(0.0064 mm) occurred at 55◦, while the minimum deformation (0.0033 mm) was observed
at 54◦; the stress at the L6 fracture site reached 8.7 MPa at 50◦, but decreased to 3.5 MPa
at 58◦. Two potential mechanistic explanations may underlie these abrupt mechanical
changes: (1) Anatomical influence of the lumbar spine: lumbar vertebral bodies exhibit
an irregular elliptical geometry. During screw implantation, as the trajectory approaches
the elliptical apices of the vertebral body, a mechanical threshold is reached, triggering
dramatic stress–deformation responses. (2) Bone tissue transition with angular variation:
alterations in screw angulation led to a shift in contact from cancellous to cortical bone
within the transverse process, directly modulating mechanical loading profiles and stress
distribution patterns. Although vertebral displacement represents a primary determinant
of crack initiation and propagation prior to fracture, minor deformations may be fixed by
Wolff’s law [24]. During screw insertion, cancellous bone within pedicles becomes com-
pacted around screws, creating cavities. Following fracture healing and implant removal,
trabecular bone within these cavities undergoes thickening under mechanical stimulation,
leading to displacement variations as trabeculae reorganize into denser, more regular
patterns [25]. Additionally, there are varying ranges of macroscopic yield strain before
bone failure, while bone strain also functions as a mechanical signal triggering bone re-
modeling during healing processes [26,27]. Therefore, postoperative rehabilitation should
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include appropriate activity selection, as controlled lumbar displacement may facilitate
fracture healing [28].

Our results indicate that optimal screw trajectories in beagles target high-density
regions at the ventrobasal pedicle–vertebral junction. For lumbar vertebral fractures,
bilateral pedicle screw fixation systems can significantly suppress abnormal intervertebral
motion, and this rigid fixation method helps maintain postoperative spinal mechanical
stability. While L7 permits similar implantation to that permitted by L1-L6, iliac wing
anatomy significantly increases procedural difficulty—a common challenge across canine
models. However, bilateral pedicle screw fixation requires extensive dissection of the
paraspinal muscles, which may lead to denervation atrophy and postoperative lumbar
weakness syndrome. Additionally, compared with unilateral fixation, bilateral pedicle
screw fixation carries a higher risk of nerve root injury [29]. However, the results of this
study showed that larger angles were associated with lower strain and stress, which might
be attributed to the fact that partial pedicle screws enter the cortical bone, leading to
harder contact. Therefore, this could increase the risk of Grade 1 or 2 canal breach in
clinical practice. Consequently, clinics should incorporate anatomical considerations to
identify optimal screw trajectories while minimizing neural interference. Proper screw
placement results in acceptable postoperative micromotion at fixation termini, thereby
reducing displacement-related failure risks [23]. FEA can simulate pedicle screw placement
on the side of nerve root decompression, theoretically reducing nerve injury by 50% after
screw insertion [30].

Frankly, our study has several limitations. For example, static loading conditions may
not fully reflect the complex mechanical environment of the canine lumbar spine during
daily activities. Our model applied a constant 10 N vertical load to simulate standing or
slow walking, but dogs experience dynamic loads that fluctuate with movement—for ex-
ample, peak vertical forces can reach two to three times the body weight during running or
jumping [31]. Additionally, breed-specific anatomical variability remains a critical consider-
ation. We selected beagles as a representative medium-sized breed to minimize size-related
bias; their L7 pedicles (>3 mm width) provide adequate implantation space, favoring
transpedicular fixation, while lumbar spine morphology varies substantially across canine
breeds. For example, large breeds (e.g., German Shepherds) exhibit longer vertebral bodies
and thicker pedicles (4.5–5.0 mm in diameter) compared to small breeds (e.g., Yorkshire
Terriers, pedicle diameter: 2.0–2.5 mm). These differences could affect optimal screw
trajectory, as a 58◦ angle—identified as biomechanically favorable in beagles—might lead
to pedicle breach in smaller breeds or inadequate purchase in larger breeds. Breeds with
narrower L7 pedicles (e.g., Bulldogs) may also require alternative angles or screw sizes.
More importantly, the model did not account for patient-specific factors such as bone
quality (e.g., osteoporosis, which is common in elderly dogs), which can drastically reduce
screw pullout strength and alter stress distribution [32].

5. Conclusions

In conclusion, the results of this study show that the peak stress fluctuates significantly
between 45◦ and 55◦, with the highest stress occurring at 50◦. The stress is more stable be-
tween 56◦ and 60◦, with the lowest stress at 58◦, indicating the best biomechanical stability.
Finite element fracture models developed using spinal loading scoring systems demon-
strate superior clinical relevance, with simulation results showing strong concordance with
biomechanical characteristics from actual cases [33]. This approach enables the quantitative
assessment of vertebral injury severity, fracture fragment distribution, displacement mag-
nitude, and kyphotic correction, all of which can be effectively simulated through finite
element methods [34]. However, finite element modeling software presents considerable
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operational challenges, demanding substantial computational expertise. Integration of FEA
with laser and/or robot-assisted guidance, or 3D printing technology, which is emerging in
the veterinary field, e.g., 3D-printed personalized guidance devices capable of converting
medical imaging data into anatomically accurate models, may enhance preoperative plan-
ning and surgical success rates in lumbar procedures. Future studies should systematically
evaluate breed-specific implantation parameters.
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Simple Summary: Non-invasive monitoring tools can significantly improve veterinary
care for critically ill animals. This study investigated impedance cardiography (ICG) as a
method to monitor heart function in dogs with two serious conditions: gastric dilatation
and heartworm disease. We examined how key cardiovascular parameters changed before,
during, and after standard treatments for these conditions. Our findings revealed that
both heartworm extraction and gastric decompression led to measurable improvements in
heart function, with cardiac index increasing by 14.71% and 28.53%, respectively. These
results demonstrate that ICG can effectively detect hemodynamic changes without inva-
sive procedures, offering veterinarians a practical tool for monitoring patient response to
treatment. This approach could improve clinical decision-making and potentially lead to
better outcomes for dogs with these critical conditions.

Abstract: Background: Gastric dilatation (GD) and heartworm disease (HW) can sig-
nificantly impact cardiovascular function, necessitating timely intervention. This study
evaluated hemodynamic changes in these conditions using impedance cardiography (ICG),
a non-invasive technique for real-time monitoring. Methods: Cardiac parameters were
measured using ICG in healthy controls, HW, and GD groups at baseline, during inter-
vention, and post-treatment. Statistical analyses involved repeated measures ANOVA
with post hoc comparisons, and relative changes (%) quantified hemodynamic improve-
ments. Results: A significant increase in cardiac index (CI) occurred post-treatment in
both HW (+14.71%, p = 0.0102) and GD (+28.53%, p = 0.0336) groups. Cardiac output
(CO) exhibited an increasing trend, though without significance (p > 0.05). Mean arterial
pressure (MAP) remained stable, although the GD group exhibited an upward trend post
decompression (p = 0.1213). Conclusions: Heartworm extraction and gastric decompres-
sion induced measurable cardiovascular improvements, with distinct recovery patterns.
Non-invasive monitoring effectively captured cardiovascular changes, suggesting its utility
as an adjunctive tool in clinical assessment.

Keywords: gastric dilatation; heartworm; cardiac output; non-invasive monitoring; dog;
interventional extraction

1. Introduction

Accurate and timely monitoring of cardiac output (CO) is essential in managing pa-
tients with critical cardiovascular conditions. CO, defined as the volume of blood ejected
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by the heart per minute, is a fundamental indicator of cardiac function and overall hemo-
dynamic status [1,2]. Traditional methods for measuring CO, such as thermodilution,
transesophageal echocardiography (TEE), arterial pressure waveform analysis (APWA),
and CT/MRI-based evaluation, have specific advantages and limitations. Thermodilution
is highly accurate and considered the gold standard [3,4]; however, it is invasive, technically
demanding, and carries risks such as infection and bleeding [5]. TEE provides detailed
cardiac imaging but is invasive and may induce discomfort or complications in patients
with esophageal disorders [6]. APWA allows continuous real-time monitoring but can
exhibit significant inaccuracies under specific hemodynamic conditions [7]. While CT and
MRI deliver precise three-dimensional cardiac assessments, their high costs and inability to
perform real-time monitoring limit practical use in emergency or acute care settings [8–10].
These limitations underscore the need for a non-invasive, reliable, and real-time CO moni-
toring technique, particularly in critical and rapidly evolving clinical situations.

Impedance cardiography (ICG) has emerged as a promising non-invasive modality for
continuous cardiac output (CO) monitoring. It provides real-time hemodynamic data by
detecting thoracic electrical impedance changes associated with each cardiac cycle, without
requiring catheter insertion. Its simplicity and rapid deployment make it highly attractive
for a variety of clinical scenarios [4,11]. Although its absolute accuracy can be influenced
by factors such as thoracic conformation or fluid accumulation, ICG has consistently
demonstrated reliable sensitivity in detecting directional changes in CO over time [12–14].
Direct comparisons between ICG and the gold standard thermodilution (TD) method have
shown moderate agreement, with electrical cardiometry (a form of ICG) achieving a bias of
−0.14 L/min and concordance rates exceeding 85% for trend detection [4,7]. Compared
to other non-invasive methods like echocardiography and arterial pressure waveform
analysis, ICG offers continuous real-time monitoring without operator dependency or
the need for arterial catheterization [12,15–17]. Furthermore, a comprehensive evaluation
of multiple CO monitoring techniques under hemodynamic stress confirmed that, while
ICG’s absolute accuracy remains modest, its favorable trend-tracking ability is clinically
valuable [7]. It was originally developed for human medicine, but now it is increasingly
used in veterinary medicine [16,17].

Heartworm (HW) disease significantly impacts cardiac output (CO) through increased
pulmonary artery pressure, right ventricular overload, and tricuspid valve dysfunction,
leading to impaired forward flow [18,19]. Similarly, gastric dilatation (GD) leads to CO
reduction due to increased intra-abdominal pressure and impaired venous return [4,20].
Additionally, vagally mediated bradycardia further suppresses CO [21–23]. Although heart-
worm disease and gastric dilatation differ in their pathophysiological mechanisms—with
the former involving progressive pulmonary hypertension and the latter characterized
by acute mechanical compression of major vessels—both result in compromised cardiac
output and require rapid intervention expected to elicit abrupt hemodynamic shifts. This
study aimed to evaluate the feasibility and utility of non-invasive ICG for real-time CO
monitoring in patients diagnosed with HW and GD.

By assessing CO variations during parasite removal in HW and decompression proce-
dures in GD, this study sought to determine whether ICG can provide consistent trend-
tracking data to support clinical decision-making in acute care settings, despite potential
variations in absolute accuracy under different physiological conditions.

The aim of this study was to evaluate the feasibility and utility of non-invasive
impedance cardiography (ICG) for real-time cardiac output monitoring in dogs with
heartworm disease (HW) and gastric dilatation (GD). We hypothesized that ICG would
reliably detect relative hemodynamic changes associated with therapeutic interventions
(heartworm extraction and gastric decompression), thereby supporting its potential use as
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a clinical monitoring tool. This study specifically evaluated cardiac output (CO) along with
associated parameters, including cardiac index (CI) and mean arterial pressure (MAP), to
characterize hemodynamic changes before, during, and after intervention. Through this
investigation, we explored whether ICG could provide a practical, efficient, and sensitive
method for tracking cardiac function, particularly in conditions characterized by rapid
fluctuations in CO. These findings may provide a basis for future studies and broader
clinical evaluation of ICG in veterinary emergencies and critical care settings.

2. Material and Methods

This study was conducted in compliance with ethical guidelines for animal research
and was approved by the Institutional Animal Care and Use Committee (IACUC) of Seoul
National University (Approval No. SNU-200226-7-2, SNU-240115-9-1). A total of 16 dogs
were included and categorized into three groups: six healthy controls, six HW cases, and
four GD cases. The healthy control group was used to establish reference values for CO and
mean arterial pressure (MAP), while the HW and GD groups underwent interventional
procedures with ICG monitoring before and after treatment. The control group consisted of
six healthy adult Beagle dogs (age range: 2–4 years; body weight: 5.5–10.0 kg). All animals
were purpose-bred and had not been previously enrolled in any experimental procedures.
Prior to inclusion in this study, each dog underwent a comprehensive health screening
that included a thorough physical examination, complete blood count, serum biochemistry
profile, thoracic radiography, and abdominal ultrasonography to rule out any underlying
disease. Only dogs with no clinical abnormalities and normal laboratory and imaging
findings were included as controls. All animals were housed in a controlled environment
with standardized feeding and care protocols throughout the study period.

The HW and GD groups consisted of client-owned dogs that presented for therapeutic
intervention (Figure 1). For the HW group, dogs included various breeds such as Poo-
dle, Yorkshire Terrier mix, Pit Bull Terrier, and mixed-breed dogs (age range: 2–12 years;
body weight: 3.72–46.0 kg). Patient selection was based on the American Heartworm
Society (AHS) guideline criteria, specifically targeting dogs for whom surgical heartworm
extraction was indicated due to significant worm burden or right atrial involvement as
determined by echocardiography. All HW cases presented with moderate to severe heart-
worm disease, characterized by multiple adult worms visualized within the pulmonary
arteries and/or right heart chambers. Mild clinical signs such as intermittent coughing,
mild exercise intolerance, and mild ascites were observed in some cases. While none of
the HW dogs in this study had developed caval syndrome at the time of intervention,
we recognize the importance of including such cases to fully capture the severe end of
the disease spectrum. All dogs exhibited mild to moderate pulmonary hypertension
on echocardiography without evidence of severe right ventricular dysfunction or overt
right-sided heart failure.

For the GD group, dogs included Dachshund, Samoyed, and Welsh Corgi breeds (age
range: 1–8 years; body weight: 6.62–23.5 kg). Diagnosis of acute gastric dilatation was
made based on physical examination, a detailed history, and confirmation with abdominal
radiographs. Clinical signs included abdominal distension, non-productive retching, and
varying degrees of cardiovascular compromise. Based on clinical assessment at presen-
tation, one dog was classified as having severe cardiovascular compromise (poor pulse
quality and prolonged capillary refill time), two dogs exhibited moderate compromise,
and one showed mild cardiovascular effects. Emergency stabilization, including orogastric
decompression and/or surgical intervention, was promptly performed. In all GD cases,
ICG monitoring was conducted after initial stabilization to minimize the effects of acute
hemodynamic instability on measurement reliability.
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Figure 1. Radiographic and echocardiographic findings in cases of gastric dilatation and heartworm

disease. (A) Lateral radiograph of a dog with severe gastric dilatation, showing a markedly distended,
gas-filled stomach. An orogastric tube for decompression is visible. (B,C) Right parasternal short-axis
echocardiographic images before (B) and after (C) heartworm removal. Heartworms appear as short,
segmented, parallel echogenic structures (B), which are no longer visible post-extraction (C).

Informed consent for participation, including the use of non-invasive impedance
cardiography (ICG) monitoring during therapeutic procedures, was obtained from all
owners prior to enrollment.

2.1. Impedance Cardiography Setup

Impedance cardiography (ICG) is a non-invasive technique for continuous cardiac
output (CO) and stroke volume (SV) monitoring. In this study, the PhysioFlow® sys-
tem (version 1.0.7 RC9.15 SVV Edition Lab1 Enduro, Manatec Biomedical, Bristol, PA,
USA) was used to obtain real-time hemodynamic data. This device utilizes Signal-
Morphology Impedance Cardiography (SM-ICG™) technology, which analyzes the shape
of the impedance waveform rather than relying on baseline thoracic impedance (Z0), allow-
ing for more robust measurements even under variable clinical conditions. ICG operates by
transmitting a low-magnitude, high-frequency alternating current through the thorax via
surface electrodes. Thoracic impedance changes (ΔZ) during the cardiac cycle are detected
and differentiated (dZ/dt), corresponding to aortic blood flow velocity. Six electrodes were
applied according to a standardized configuration [12]: two were placed dorsally at the
level of the 4th and 6th cervical vertebrae near the left jugular vein, one on the right side of
the sternum at the 5th intercostal space, one on the left lateral thorax near the 13th rib, and
two just below the xiphoid process (Figure 2). To optimize signal acquisition, electrodes
were attached using clip-type leads with conductive gel after clipping and cleaning the skin
with alcohol. Placement accuracy was maintained within ±3 cm of anatomical landmarks,
and each setup was verified by two operators to ensure consistency. The system was
calibrated according to manufacturer specifications before each monitoring session. Only
data with a signal quality ≥80% were included in the analysis, and measurements con-
taminated by motion artifacts or electrical interference were excluded. ICG measurement
intervals were set at 5 s, and 15 repeated values were acquired per phase for each dog,
allowing for both assessment of immediate changes and calculation of averaged values.
For the GD group, CO and other hemodynamic parameters were measured in three distinct
phases: before decompression (pre-decompression), immediately after decompression
(post-decompression), and during the stabilization phase (post-stabilization). These mea-
surements evaluated the hemodynamic instability caused by elevated intra-abdominal
pressure and its subsequent relief. For the HW group, CO monitoring was conducted also
in three phases: prior to the extraction procedure (pre-extraction), during HW extraction
(extraction phase), and during the recovery phase after extraction (post-stabilization).
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Figure 2. Schematic diagram of ICG and EKG electrode placement in dogs. The illustration shows
the standardized surface electrode placement used to acquire thoracic impedance (Z1–Z4) and ECG
(EKG1–2) signals for non-invasive cardiac output monitoring in dogs positioned in dorsal recum-
bency.

This consistent approach provided a comprehensive and accurate assessment of the
hemodynamic effects during interventions in both the GD and HW groups. Both CO
and CI values were derived from impedance measurements, with CI calculated as CO
normalized to body surface area (BSA) and expressed in liters per minute per square meter
(L/min/m2).

2.2. Experimental Protocol

Prior to enrollment, all dogs underwent a physical examination and baseline diagnostic
screening, including complete blood count, serum biochemistry, and thoracic radiography
or ultrasonography when indicated, to ensure the absence of significant comorbidities unre-
lated to heartworm disease or gastric dilatation. GD cases were retrospectively confirmed to
be free of other underlying conditions following full clinical workup during hospitalization.
All dogs (NC, HW, and GD groups) received butorphanol (0.2–0.4 mg/kg IV) as premed-
ication. To reduce procedural side effects, each dog was medicated starting from 3 days
prior to the procedure and continuing up to the day of extraction. This pre-treatment was
intended to minimize potential perioperative complications during heartworm removal.
The medications administered included prednisolone (0.5 mg/kg PO BID), doxycycline
monohydrate (5 mg/kg PO BID), silymarin (20 mg/kg PO SID), famotidine (0.5 mg/kg
PO BID), clopidogrel hydrogen sulfate (2 mg/kg PO SID), cefaclor (20 mg/kg PO BID),
and furosemide (1 mg/kg PO SID). In the NC and HW groups, general anesthesia was
induced with alfaxalone (1–4 mg/kg IV, titrated to effect) and maintained with isoflurane
(1–4%) following tracheal intubation. In the GD group, sedation was performed using
butorphanol alone, with one dog undergoing endotracheal intubation and general anesthe-
sia for surgical correction, and the remaining three managed without intubation during
gastric decompression.

For the healthy control group (NC, n = 6), a standardized anesthesia protocol was im-
plemented to evaluate ICG measurement stability in the absence of pathological conditions
or interventional procedures. Following initial physical examination and confirmation
of health status, these animals underwent general anesthesia maintained for a total dura-
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tion of one hour. During this period, no specific interventions were performed, allowing
assessment of hemodynamic parameter stability under controlled conditions.

CO and MAP measurements were obtained at three distinct time points: (1) stabi-
lization phase (15–20 min after anesthesia induction, once cardiovascular parameters had
stabilized), (2) mid-anesthesia phase (approximately 30 min into anesthesia), and (3) late
anesthesia phase (approximately 50–60 min into anesthesia). This protocol was designed
specifically to evaluate the consistency and reliability of ICG measurements over time in
subjects with presumed stable hemodynamic status, thereby establishing both reference
ranges and the trending capability of the monitoring system.

In the HW group, impedance cardiography (ICG) monitoring was performed across
three defined phases: (1) pre-extraction phase: baseline cardiac output (CO) and mean
arterial pressure (MAP) were recorded after anesthesia induction, jugular venotomy, and
placement of the heartworm extraction device under fluoroscopic guidance. Measurements
were obtained during a period of cardiovascular stability before initiating heartworm
removal; (2) during extraction phase: continuous real-time monitoring of CO and MAP was
conducted throughout the mechanical heartworm extraction process. Data acquisition was
performed at 5 s intervals, and motion artifacts were excluded based on signal quality. This
phase spanned from the start of worm retrieval to the completion of extraction; (3) post-
extraction stabilization phase: following the completion of heartworm extraction, CO
and MAP measurements continued during a 10–15 min stabilization period. Again, 15
measurements were collected per patient to assess cardiovascular recovery and detect
any delayed hemodynamic changes. This structured protocol allowed for comprehensive
evaluation of hemodynamic trends associated with heartworm removal. Post-extraction
stabilization measurements were taken after completion of the heartworm extraction
procedure to evaluate recovery and detect any residual hemodynamic instability. The
heartworm extraction procedure was performed using a basket retrieval device (S & G
Biotech Inc., Seoul, Republic of Korea) under fluoroscopic guidance.

In the GD group, ICG monitoring was also conducted in three phases: pre-
decompression, post-decompression, and post-stabilization. Pre-decompression mea-
surements established baseline hemodynamic parameters before the intervention. Post-
decompression measurements were recorded immediately after the procedure to assess
immediate CO changes. Post-stabilization monitoring continued until hemodynamic pa-
rameters stabilized. GD was performed via orogastric intubation, followed by surgical
correction when necessary. In one GD case, hemodynamic measurements were performed
after initial fluid therapy and successful orogastric decompression, during a period of clini-
cal stabilization. All measurements were completed within a 15 min using a standardized
three-phase protocol (pre-decompression, during decompression, and immediate post-
decompression). Approximately 30 min after the final measurement, the dog developed
recurrent gastric distension and was diagnosed with gastric dilatation-volvulus (GDV), re-
quiring emergency surgical intervention. The procedure included exploratory laparotomy,
gastric de-rotation, viability assessment of abdominal organs, and prophylactic gastropexy.

2.3. Statistical Analysis

Statistical analyses were conducted using GraphPad Prism version 10.3.0 (GraphPad
Software, San Diego, CA, USA). The primary focus of this study was to evaluate within-
group hemodynamic changes over time during therapeutic interventions, rather than to
perform direct comparisons between different disease groups or against controls. Normality
of the data distributions was assessed using the Shapiro–Wilk test. Since the assumption of
normality was satisfied (p > 0.05), repeated measures ANOVA (RM-ANOVA) was applied
for within-group comparisons among three time points (Pre, Post, and Stabilization).
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When the assumption of sphericity was violated, the Geisser–Greenhouse correction was
applied. Tukey’s post hoc test was used for multiple pairwise comparisons. Multiplicity-
adjusted p-values were reported, and statistical significance was considered at p < 0.05.
Additionally, 95% confidence intervals (CIs) were calculated where appropriate to enhance
the interpretation of clinical significance. Non-parametric analyses were conducted using
the Friedman test to validate findings, followed by Wilcoxon signed-rank tests for pairwise
comparisons. To account for inter-individual variability, changes in cardiac index (CI) were
expressed as relative change percentages, calculated using the following formula:

Relative Change (%) =
Post − treatment Value − Pre − treatment Value

Pre − treatment Value
× 100 (1)

A p-value of <0.05 was considered statistically significant.

3. Results

3.1. Post-Procedure Outcomes and Recovery

All NC dogs successfully underwent the procedures without complications and re-
covered uneventfully from anesthesia without any adverse effects. In the HW group,
post-procedural echocardiographic examination confirmed a reduction in heartworm bur-
den, allowing the dogs to proceed with the standard heartworm treatment protocol [24].
Representative radiographic and echocardiographic findings for diseased dogs (HW and
GD groups) are shown (Figure 1). In the GD group, all dogs were hospitalized for contin-
uous monitoring after decompression, with no recurrence of GD observed. The average
hospitalization period was 5.75 ± 0.63 days, and at the three-month follow-up examination,
no abnormalities were detected, confirming successful long-term recovery. There were no
significant differences in age, weight, or gender distribution between the three groups.

3.2. Hemodynamic Changes Following Intervention

To evaluate the effects of treatment on hemodynamic parameters, cardiac output (CO),
cardiac index (CI), and mean arterial pressure (MAP) were measured at baseline, during
the procedure, and at the final phase. Hemodynamic data expressed as mean ± SEM with
95% confidence intervals (CIs) are summarized (Table 1). In addition to parametric analyses,
non-parametric analyses using the Friedman test and Wilcoxon signed-rank tests were
conducted to validate the robustness of the findings. The results confirmed significant im-
provements in cardiac output (CO) and cardiac index (CI) after intervention, consistent with
the parametric analysis outcomes (Table 2). Furthermore, time-course changes in cardiac
index (CI), expressed as percentage changes relative to baseline, and their corresponding
statistical significance are summarized (Table 3). In the normal control (NC) group, stable
anesthesia and recovery were observed throughout the procedure. Hemodynamic parame-
ters, including CO, CI, and MAP, remained stable without significant fluctuations (p > 0.05),
indicating well-maintained physiological stability under anesthesia and post-procedural
recovery. In the heartworm disease (HW) group, a significant improvement in cardiac
index (CI) was observed after heartworm removal compared to baseline. Post-procedural
echocardiographic examination confirmed a reduction in heartworm burden, allowing the
dogs to proceed with the standard heartworm treatment protocol [16]. However, changes in
cardiac output (CO) and mean arterial pressure (MAP) did not reach statistical significance.
In the gastric dilatation (GD) group, cardiac output (CO) and cardiac index (CI) increased
significantly after decompression, indicating substantial improvement in cardiac perfor-
mance. Although mean arterial pressure (MAP) also tended to increase, the change was not
statistically significant. The time-course changes in cardiac index (CI) within each disease
group, illustrating significant improvements after intervention, are shown (Figure 3).
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Table 1. Summary of patient characteristics.

Group Parameter Baseline Mid-Point Final-Point

Normal Control
(n = 6)

CO (L/min) 1.217 ± 0.053
(95% CI: 1.113–1.321)

1.212 ± 0.049
(95% CI: 1.116–1.308)

1.244 ± 0.054
(95% CI: 1.138–1.350)

CI (L/min/m2) 2.706 ± 0.101
(95% CI: 2.508–2.904)

2.689 ± 0.090
(95% CI: 2.513–2.865)

2.760 ± 0.098
(95% CI: 2.568–2.952)

MAP (mmHg)
86.689 ± 0.860

(95% CI:
85.003–88.375)

85.478 ± 0.710
(95% CI:

84.086–86.870)

85.967 ± 0.659
(95% CI:

84.675–87.259)

Heartworm Disease
(HW) (n = 6)

CO (L/min) 1.563 ± 0.529
(95% CI: 0.526–2.600)

1.660 ± 0.527
(95% CI: 0.627–2.693)

1.786 ± 0.581
(95% CI: 0.647–2.925)

CI (L/min/m2) 2.844 ± 0.088
(95% CI: 2.636–3.052)

2.989 ± 0.080
(95% CI: 2.678–3.114)

3.263 ± 0.086 *
(95% CI: 2.652–3.068)

MAP (mmHg)
76.067 ± 0.861

(95% CI:
74.379–77.755)

76.483 ± 0.851
(95% CI:

74.815–78.151)

76.517 ± 0.685
(95% CI:

75.174–77.860)

Gastric Dilatation
(GD) (n = 4)

CO (L/min) 1.775 ± 0.108
(95% CI: 1.544–2.006)

2.220 ± 0.132
(95% CI: 1.961–2.479)

2.288 ± 0.131
(95% CI: 2.031–2.545)

CI (L/min/m2) 2.706 ± 0.137
(95% CI: 2.437–2.975)

3.397 ± 0.148 *
(95% CI: 3.107–3.687)

3.500 ± 0.147 *
(95% CI: 3.212–3.788)

MAP (mmHg)
56.567 ± 1.212

(95% CI:
54.191–58.943)

69.700 ± 0.790
(95% CI:

68.152–71.248)

70.967 ± 0.686
(95% CI:

69.622–72.312)
Values are presented as mean ± SEM (standard error of mean), with 95% confidence intervals (CIs) provided
separately below each value. Time points: normal control group—stabilization, process, end phase; heartworm
disease (HW) group—pre-extraction, during extraction, post-extraction; gastric dilatation (GD) group—pre-
decompression, post-decompression, stabilization. * p < 0.05 compared to baseline within the same group.
CO = cardiac output; CI = cardiac index; MAP = mean arterial pressure.

Table 2. Non-parametric analysis results (Friedman test and Wilcoxon signed-rank test).

Group Parameter
Friedman Test

p-Value

Significant Pairwise
Comparisons

(Wilcoxon Test)
Notes

Heartworm Disease
(HW) (n = 6)

CO (L/min) p < 0.05
Pre vs. During (p < 0.05),

Pre vs. Post (p < 0.05),
During vs. Post (n.s.)

Increase from Pre to Post

CI (L/min/m2) p < 0.05
Pre vs. During (p < 0.05),

Pre vs. Post (p < 0.05),
During vs. Post (n.s.)

Increase from Pre to Post

MAP (mmHg) 0.84 Not applicable No significant difference

Gastric Dilatation
(GD) (n = 4)

CO (L/min) p < 0.01
Pre vs. Post (p < 0.01), Pre
vs. Stabilization (p < 0.01),
Post vs. Stabilization (n.s.)

Increase after
decompression

CI (L/min/m2) p < 0.01
Pre vs. Post (p < 0.01), Pre
vs. Stabilization (p < 0.01),
Post vs. Stabilization (n.s.)

Increase after
decompression

MAP (mmHg) p < 0.01
Pre vs. Post (p < 0.01), Pre
vs. Stabilization (p < 0.01),
Post vs. Stabilization (n.s.)

Increase after
decompression

Summary of the non-parametric analysis results using the Friedman test and post hoc Wilcoxon signed-rank
tests. Significant differences between specific time points are indicated. Abbreviations: HW: heartworm dis-
ease group; GD: gastric dilatation group; CO: cardiac output; CI: cardiac index; MAP: mean arterial pressure;
n.s.: not significant.
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Table 3. Time-course changes in cardiac index and statistical significance.

Group Baseline CI
Mid-Point

Change (%)
p-Value

(Mid-Point)
Final-Point
Change (%)

p-Value
(Final-Point)

Normal Control
(n = 6)

2.706 ± 0.101 0.40 >0.05 2.12 >0.05

Heartworm Disease
(n = 6)

2.844 ± 0.088 5.09 >0.05 14.71 0.0102 *

Gastric Dilatation
(n = 4)

2.706 ± 0.137 28.26 0.0184 * 33.81 0.0336 *

CI values are presented as mean ± SEM (L/min/m2). Time points: normal control—stabilization→process→end
phase; HW group—pre-extraction→during extraction→post-extraction; GD group—pre-decompression→post-
decompression→stabilization. Relative change (%) = (post-treatment value—pre-treatment value)/pre-treatment
value × 100. (*) Bold values indicate statistically significant changes (p < 0.05).

Baseline Mid-point Final-point Baseline Mid-point Final-point
0

1

2

3

4

5

Cardiac Index

Heartworm Cases Gastric Dilatation Cases

Figure 3. Cardiac Index comparison between heartworm and gastric dilatation cases across

three time points. Values are presented as mean ± SEM (standard error of mean). For Heartworm
cases, time points represent: baseline (anesthesia stabilization), Mid-point (during extraction), and
Final point (after extraction). For gastric dilatation cases, time points represent: baseline (pre-
decompression), mid-point (post-decompression), and final-point (stabilization). Asterisks (*) indicate
statistically significant differences between time points (p < 0.05).

4. Discussion

This study evaluated the feasibility of non-invasive real-time CO monitoring in dogs
with HW and GD using ICG. By establishing the baseline CO and MAP values from healthy
dogs, this study enabled a comparative assessment of hemodynamic changes before and
after therapeutic interventions in HW and GD cases. The incorporation of a normal
control (NC) group in this study design served dual methodological purposes. Primarily, it
established reference ranges for ICG-derived hemodynamic parameters in clinically healthy
canines under standardized conditions. These normative data are particularly valuable
given the paucity of established reference intervals for ICG measurements in veterinary
medicine. The observed stability in hemodynamic parameters among control subjects
(CI: 2.706 ± 0.101 L/min/m2 at baseline with nonsignificant variations of 0.40% and 2.12%
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at subsequent time points) provides critical context for interpreting pathophysiological
alterations in disease states.

Our methodological approach prioritized within-group hemodynamic changes in
response to therapeutic interventions. The comparable baseline CI values observed across
the three groups merit careful consideration from multiple perspectives. In chronic heart-
worm disease, physiologic compensation—such as increased heart rate and myocardial
contractility—may maintain near-normal resting cardiac output despite underlying pul-
monary vascular compromise. Similarly, during the early stages of gastric dilatation,
cardiovascular dysfunction may be present without substantial reductions in CI at the time
of measurement, potentially due to initial resuscitative measures administered prior to ICG
monitoring. Additionally, the intrinsic characteristics of impedance cardiography warrant
consideration regarding the potential overestimation of CI in disease groups. Anatomical
alterations in heartworm disease or gastric dilatation (e.g., increased pulmonary vascular
resistance and elevated intra-abdominal pressure) might affect impedance measurements,
yielding CI values that appear higher than the actual hemodynamic status. These consider-
ations further support the utility of ICG as a trend-monitoring tool rather than a method
for absolute hemodynamic quantification.

Furthermore, the consistent measurements obtained across multiple time points in
the NC group (stabilization, sedation, and anesthesia stabilization phases) demonstrate
the reliability and reproducibility of ICG technology for serial hemodynamic assessments,
which is commonly referred to as “trending ability” in hemodynamic monitoring litera-
ture [4,12,25]. This technical validation aspect is essential when evaluating a monitoring
modality intended for continuous assessment during dynamic clinical scenarios.

The hemodynamic stability observed in the NC group stands in marked contrast to
the significant temporal variations detected in both intervention groups. The quantifiable
improvements in CI following heartworm extraction (+14.71%, p = 0.0102) and gastric
decompression (+33.81%, p = 0.0336) represent statistically significant hemodynamic re-
sponses to therapeutic interventions rather than measurement artifacts. This differentiation
between pathophysiological stability and intervention-induced change substantiates the
clinical utility of ICG for real-time assessment of cardiovascular responses to treatment.

These findings suggest that ICG not only provides absolute hemodynamic values
but also reliably tracks directional changes in cardiac performance over time. This trend-
ing capability may prove particularly valuable in emergency and critical care settings,
where rapid the assessment of treatment efficacy and early detection of hemodynamic
deterioration can significantly impact patient outcomes.

In both heartworm extraction and gastric decompression procedures, systemic blood
pressure alone may be insufficient to determine the optimal endpoint of intervention. In
our study, several HW cases exhibited a measurable increase in cardiac output following
parasite removal yet mean arterial pressure (MAP) remained suboptimal or fluctuated—a
finding consistent with prior experimental studies involving heartworm-associated hemo-
dynamic changes [17,26]. Similarly, in GD cases, a significant improvement in cardiac index
(28.53%, p = 0.0336) following decompression was not proportionally reflected in MAP
values. This dissociation underscores the limitations of relying solely on arterial pressure
for clinical decision-making. The use of impedance cardiography (ICG) allowed continuous
tracking of cardiac performance trends throughout both procedures, providing critical real-
time data beyond conventional monitoring parameters. These additional insights enabled
more comprehensive evaluation of the physiological response to treatment and supported
clinicians in determining appropriate endpoints for intervention. Our findings suggest
that ICG may serve as a valuable adjunctive monitoring tool in emergency and critical care
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settings, especially for conditions such as heartworm disease and gastric dilatation, where
traditional vital signs may inadequately reflect the true hemodynamic status.

The PhysioFlow® system addresses several technical challenges inherent to impedance
cardiography. Importantly, the system’s HD-Z™ filtering technology mitigates the potential
interference between respiratory and cardiac cycles by analyzing impedance waveform
morphology rather than relying on baseline thoracic impedance (Z0). The system samples
at 250 Hz, capturing multiple cardiac cycles within each 5 s measurement interval, which
enables reliable trend monitoring despite varying respiratory patterns during anesthesia.
This signal processing approach effectively isolates cardiac-related impedance changes
from respiratory artifacts, maintaining measurement consistency even during mechanical
ventilation. While factors such as electrode placement, thoracic conformation, and tissue
characteristics may influence absolute values, the system’s focus on waveform analysis
rather than absolute impedance values helps maintain reliable trend tracking. This capa-
bility was evident in our study, where consistent hemodynamic response patterns were
observed across different clinical scenarios, supporting ICG’s utility as a trend-monitoring
tool during critical interventions.

Non-invasive methods for measuring cardiac output (CO) are becoming increasingly
relevant, particularly in small animal research where minimizing procedural risks is a
priority [1,25,27,28]. Among these, impedance cardiography (ICG) has gained attention
for its ability to track stroke volume (SV) and CO in real-time by detecting thoracic elec-
trical conductivity changes throughout the cardiac cycle [29]. This technique has proven
valuable in human neonatal and pediatric patients, where continuous, non-invasive moni-
toring is essential [30]. While its clinical application in veterinary medicine is still under
investigation, ongoing studies suggest its potential for accurate and practical CO assess-
ment [4,9,11,16,31–34].

In heartworm (HW) disease, CO measurement using pulmonary artery catheterization
is often impractical, as the invasive nature of the procedure can interfere with parasite
extraction. Additionally, HW-related cardiovascular alterations, such as pulmonary hy-
pertension and right ventricular dysfunction, necessitate continuous CO monitoring to
evaluate hemodynamic responses. Similarly, gastric dilatation (GD) presents unique chal-
lenges, as decompression induces sudden shifts in venous return and CO. In GD cases,
rapid intervention is critical, making the use of invasive monitoring devices impractical
due to the time required for insertion and stabilization. In contrast, ICG can be set up
within 10 min, with minimal disruption to ongoing procedures [4]. Furthermore, its non-
invasive nature ensures minimal interference with other critical interventions, allowing
for seamless integration into emergency treatment protocols. Therefore, in this study, ICG
was selected as a non-invasive tool capable of providing real-time CO monitoring in both
HW and GD cases, allowing for continuous assessment of cardiovascular stability during
critical interventions.

In the GD group, a moderate CO decrease was observed before decompression, likely
due to impaired venous return caused by increased intra-abdominal pressure. Following
decompression, ICG detected a rapid CO recovery, supporting the effectiveness of decom-
pression in restoring hemodynamic stability. This immediate improvement in CO can be
attributed not only to the relief of intra-abdominal pressure but also to the concurrent
administration of intravenous fluid therapy. The increased venous return from aggres-
sive fluid resuscitation likely contributed to the rapid hemodynamic restoration observed
post-decompression [35,36].

Previous studies have demonstrated ICG’s potential for non-invasive CO monitoring
in human and veterinary medicine [13], yet its application in HW and GD cases remains
underexplored. Traditional CO measurement methods, such as Doppler echocardiogra-
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phy and thermodilution, provide accurate assessments but are often invasive, operator-
dependent, or impractical for continuous monitoring [8,15]. Unlike these techniques, ICG
offers real-time CO measurement with minimal procedural burden, making it more suitable
for acute and emergency settings [11].

In this study, the ICG was able to detect transient CO fluctuations during HW ex-
traction, a feature that is typically undetected by static measurement techniques. Our
finding suggests that ICG may be used to complement existing hemodynamic monitoring
tools by providing continuous real-time data, particularly in conditions with dynamic
cardiovascular changes.

This study has limitations that should be addressed in future research. The small
sample size (GD: 4, HW: 6) limits the generalizability of the findings. Future studies with
larger and more diverse populations are essential to validate the broader applicability of
ICG. Additionally, reliable data acquisition from ICG requires skillful electrode placement
and stable signal quality. Improper placement or signal interference during emergencies
may lead to inaccurate readings, which could adversely affect clinical outcomes. Further ad-
vancements in electrode design and signal-processing algorithms are necessary to enhance
data stability and accuracy.

Additionally, ICG’s reliance on thoracic impedance and ECG-based calculations may
pose challenges in patients with arrhythmias, such as premature ventricular contractions
(VPCs), potentially affecting data accuracy [22,37]. To improve the clinical applicability of
ICG, the development of advanced algorithms to provide reliable measurements under
arrhythmic conditions is worth considering.

Importantly, while ICG provides valuable hemodynamic data, it should be viewed as
an adjunctive tool only. Clinical expertise is indispensable in interpreting ICG data in the
context of a patient’s overall condition, history, and other monitoring parameters. While
ICG is a powerful adjunct to guide therapeutic interventions, effective decision-making
requires integrating all available clinical information, supported by a skilled medical
team [37,38]. In this study, transient arrhythmic events were observed in some GD cases,
particularly during the initial stabilization phase. However, these episodes were short-
lived, and stable sinus rhythm was restored prior to ICG measurement. All reported
hemodynamic data were obtained during periods of rhythm stability, minimizing the
influence of arrhythmias on the interpretation of CI and MAP trends.

Future research should investigate the efficacy of ICG in larger and more diverse
populations across various clinical conditions. By addressing these challenges, ICG has
the potential to become a cornerstone technology for real-time hemodynamic monitoring,
particularly for dynamic cardiovascular conditions.

5. Conclusions

This study explored the potential utility of non-invasive impedance cardiography
(ICG) for real-time CO monitoring in canine HW and GD cases. By providing immediate
trend-based hemodynamic data, ICG demonstrated promise as a monitoring tool that
could support clinical decision-making during interventions characterized by acute CO
fluctuations. The consistent detection of hemodynamic improvement following therapeutic
interventions suggests ICG may offer valuable insights into cardiovascular responses,
though larger studies are needed to confirm these preliminary findings.

ICG’s non-invasive application, rapid implementation, and concurrent monitoring of
CO alongside standard MAP measurements provides more comprehensive hemodynamic
assessment than conventional monitoring alone. This combined monitoring approach
shows potential clinical utility in emergencies and critical care settings where complete
cardiovascular data can inform intervention strategies. This pilot study suggests that inte-
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grating ICG with traditional monitoring parameters may offer clinicians additional insights
into cardiovascular status during critical interventions in canine patients. With further vali-
dation through expanded clinical trials, this combined hemodynamic assessment approach
could enhance monitoring capabilities in veterinary emergencies and routine care.
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Simple Summary: Kinesiology taping has increased in use in human and veterinary
medicine, both for athletic performance and treatment of various musculoskeletal and
neurologic conditions. Studies in people suggest a mild effect for many uses. There are very
few studies regarding kinesiology taping in veterinary medicine. Prospective evaluation of
its effect on gait and mobility is essential to evaluate the efficacy of kinesiology taping. The
objective of this study was to evaluate the effect of kinesiology taping applied to the tarsal
joint and its effect on selected exercises in dogs using kinetic and kinematic gait analysis. In
normal dogs, kinesiology taping had no effect on weightbearing forces at a walk and trot,
and motion of the stifle and tarsal joints while walking, trotting, or stepping over cavaletti
rails. Kinesiology taping should be assessed in other joints and in dogs with neurologic or
orthopedic conditions.

Abstract: Background: Use of kinesiology taping has increased in veterinary medicine, yet
there are few studies of its effects. The purpose of this study was to evaluate the effect of
kinesiology tape placed on the dorsal surface of the tarsus on kinetic and kinematic gait
characteristics while performing selected exercises in dogs using 3D motion capture and
force platform analysis of gait. Methods: Ten clinically normal, healthy, adult mixed-breed
dogs were recruited for this study. Reflective markers were applied to the skin of the left
and right pelvic limbs of each dog. Eight infrared cameras were positioned around a 13 m
platform containing a force platform. Dogs were walked, trotted, and led over cavaletti
rails with and without kinesiology tape extending from the distal tibia, crossing the cranial
surface of the tarsus, and extending to the dorsal surface of the metatarsals. The evaluations
were repeated 2 h later. Maximum flexion and extension in the sagittal plane and maximum
angular acceleration and velocity were measured at the tarsus and stifle for each dog. Peak
vertical (ZPeak), braking (YA), and propulsion (YB) forces were determined as a percentage
of body weight while walking and trotting. Results: Ground-reaction forces were greater at
the trot compared to the walk, and stifle and tarsal flexion were greater with stepping over
cavaletti rails as compared to walking and trotting. There were no differences in kinematic
or kinetic measurements related to the kinesiology tape application, time, or exercise being
performed. Conclusions: Kinesiology tape had no effect on tarsal joint gait characteristics
while walking, trotting, or stepping over cavaletti rails when applied to the dorsal tarsus of
normal dogs.

Vet. Sci. 2025, 12, 439 https://doi.org/10.3390/vetsci12050439
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1. Introduction

Kinesiology taping has increased in popularity both in human and veterinary applica-
tions since its inception in the 1970s. Today, it is commonly seen in athletes of numerous
species in various activities. Application of kinesiology tape to the skin reportedly targets
sensory receptors of the cutaneous skin, lifts tissues to provide lymphatic drainage, and im-
proves circulation with simultaneous analgesia via nociceptive transmission inhibition [1].
There may be a benefit in using kinesiology tape for pain management [2–5], although the
effects seem to be mild in musculoskeletal conditions, including osteoarthritis pain [6–8].
Additionally, kinesiology tape is postulated to stimulate pathways related to the mechanore-
ceptive and proprioceptive pathways, thereby modifying joint kinematics [9]. In humans,
it is also used to improve athletic performance despite a lack of literary support [10].
However, most studies indicate negligible benefit for muscle strengthening in healthy
adult humans [11,12], and there may be few benefits regarding athletic performance
in healthy individuals [10]. Some studies have suggested an improvement in muscle
fatigue [13–15], while others have shown no improvement in muscle strength or athletic
performance [3,10,16,17]. Further, kinesiology taping may have limited effects to reduce
swelling after an acute ankle sprain [18,19].

In veterinary medicine, kinesiology tape is used in horses to treat muscular conditions,
fascial restrictions, and postural imbalance, although there is little evidence of beneficial
effects [9,20–22]. Ramon et al. demonstrated decreased peak vertical force and limited
flexion of the fetlock in horses during the swing phase of gait with kinesiology tape
applied [22]. A study of the effects of kinesiology tape applied to the forelimbs of horses
showed no effect on forelimb kinematics or muscle EMG activity [23]. However, application
to the abdominal muscles increased craniocaudal activity of the body [24].

There is very little evidence regarding kinesiology tape application techniques or
how it affects joint motion and weight bearing during simple exercises in normal dogs.
The authors have used kinesiology tape on several dogs with various pathologies and
perceived efficacy in terms of increased joint motion. However, the magnitude of effect and
the duration of action have not been evaluated under controlled conditions with objective
outcome measures in normal dogs. With the advent of veterinary-specific kinesiology tape,
manufacturers claim the tape can last for 5 days and can be used to treat conditions ranging
from muscle injury, inflammation, tendonitis, desmitis, and increased joint range of motion
(RockTape, https://rocktape.com.au/canine/ (accessed on 3 March 2025)).

The purpose of this study was to investigate gait changes following the application of
kinesiology tape on the dorsal canine tarsus. Additionally, tape longevity and application
protocol were evaluated. We hypothesized that there would be increased range of motion
and decreased peak vertical force between the taped limbs of each dog at the walk, trot,
and while walking over cavaletti rails.

2. Materials and Methods

Participants: The study protocol was approved by the Institutional Animal Care and
Use Committee at the University of Tennessee, and written informed consent was obtained
from owners. Ten client-owned dogs were included in the study reported here. Weight,
age, and breed were recorded. An initial baseline evaluation was performed, including
orthopedic, neurologic, and general physical examinations. Individuals were excluded
for any history of significant mobility disorder, obvious visual lameness, greater than 10%
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difference in peak vertical force between forelimbs or between hind limbs at a walk and
a trot, if gross joint instability was present, or if there were any other clinically abnormal
findings on physical examination. Dogs were between 2 and 10 years of age and weighed
between 15 and 50 kg.

Kinematic Data Collection: A 3-dimensional testing space measuring 3 × 1 m was
established on a 13 m walkway centered over the force platform. A right-handed orthogonal
global coordinate system was established within the 3D testing space with 0,0,0 (X, Y, Z)
located on the force platform. On each data-collection day, 8 high-speed data-capture
cameras (250 Hz Vero cameras, Vicon Motion Systems Inc., Centennila, CO, USA) were
calibrated to the testing space using an active calibration wand (Vicon Motion Systems
Inc., Centennila, CO, USA). Markers were tracked, and motion capture data were recorded
using commercial software (Vicon Nexus version 2.11, Vicon Motion Systems, Inc.).

Motion capture began with a static calibration with 10–15 frames of data captured,
with 23 reflective, spherical markers on each pelvic limb (46 total markers) placed on
anatomic landmarks or as rigid femur cluster markers on femurs and tibias as described
by Fu et al. (Figure 1) [25]. We used multiple rigid cluster design methods based on
experience from animal and human biomechanic studies. A 2 × 2 cm and a 3 × 3 cm
3D-printed arched boards using a 20% infill were constructed for application of cluster
markers (Figure 2). The boards were covered with Velcro, and the markers were affixed.
The arched boards and reflective markers were then affixed to animals using double-sided
medical tape and GLUture (Zoetis Inc., Kalamazoo, MI 49007, USA), if necessary. Hair in
the area was clipped if more than 0.5 cm in length.

Figure 1. Anatomic (calibration) marker set (left) and tracking marker set (right).

Following the calibration trial, seven markers over anatomic landmarks were removed
for the remaining motion trials (Table 1). These markers were virtually reconstructed from
the initial static trial using Vicon Procalc software, version 1.5 (Vicon, Colorado) [25,26].
Each dog was walked, trotted, and walked over cavaletti rails four times with the cluster
markers in place. The order of data collection was randomized among the three exercises.
Data were acquired from the right and left sides separately.
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Figure 2. Rigid cluster design using a 3D-printed curved board. Each cluster was arranged in a
rhomboid shape with an approximate distance of 2.5 cm separating each marker from the center of
the sphere. Markers were arranged in a non-colinear fashion.

Table 1. List of anatomic markers, ** indicates markers that were removed after kinematic calibration.
The greater trochanter was shared between the pelvis and femur segments for calibration but was
only used for the pelvis during data acquisition (tracking).

Pelvic Limb
Segments

Marker Location
(Right and Left Limb)

Pelvis Iliac wing
Ischium

Femur Greater trochanter
Lateral epicondyle **
Medial epicondyle **

Tibia Fibular head **
Proximal tibial crest **

Distal tibial crest **
Lateral malleolus **
Medial malleolus **

Foot Point of calcaneus
Metatarsophalangeal joint 2
Metatarsophalangeal joint 5

Proximal tarsometatarsal joint
Distal tarsometatarsal joint

Cluster Markers (4 each) Femoral cluster
Tibial cluster

After these trials were captured, kinesiology tape was applied to the dorsal surface of a
randomly selected tarsus from the distal tibial tuberosity to the distal metatarsus. The tape
was applied by stretching the tape to 25% of the unstretched tape length (to apply under
tension) and placed from proximal to distal (Figure 3). We found it necessary in initial
attempts to apply a 3 cm-wide anchoring piece (not stretched) at the proximal and distal
ends to help hold the tape in place, according to the manufacturer’s instructions (RockTape,
Morley, WA, USA). After application, the tape was rubbed for 3 min to activate the adhesive
prior to the acclimation period. Dogs were allowed to acclimate to the tape during 5 min
of free exercise. Dogs were then walked, trotted, and walked over cavaletti rails to collect
kinetic and kinematic data as described, and data were collected 5 min and 2 h after tape
application. Cavaletti height was based on the size of the dog, with the cavaletti rail height
placed at the junction of the lower and middle third of the antebrachium.

Joint coordinate system: The local coordinate systems (LCS) specific to each segment
were designed similarly to Fu et al. [25], with the exception of the foot. The LCS of our foot
originated at the caudal aspect of the calcaneus (CALC), with the unit vector of the z-axis
defined by the vector between the second and fifth distal metatarsals, the x-axis unit vector
was defined by the vector from the caudal calcaneus travelling distally to bisect the z-axis
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vector. The y-axis unit vector was defined as a cross product of the X and Z vectors. All
joint angles were converted to complementary angles, as in the modeled papers [26–29].
Kinematic data were gap-filled, filtered, and smoothed using Butterworth filtering. Data
collected included tarsus joint angles in the X, Y, and Z planes, including peak tarsus and
stifle joint flexion and extension, angular velocity, and angular acceleration.

 

Figure 3. Instrumented dog with kinesiology tape applied.

Kinetic Data Collection:
Ground-reaction forces were determined using a force platform (AMTI OR6-6, Water-

town, MA, USA) and quadruped software (Acquire version 7.33, Vicon, Centennial, CO,
USA). Dogs were walked and trotted over the platform between 0.7 and 1.2 m/s and 1.7
and 2.1 m/s, respectively, with an acceleration of ±0.5 m/s2. Speed and acceleration were
measured using five photoelectric cells mounted 50 cm apart at a height of 58 cm within the
testing space. Trials were included for analysis if ipsilateral forelimb and hindlimb strikes
occurred, velocity and acceleration were within the described parameters, and there were
no sudden changes in limb, body, or head motion. Four valid right and left ipsilateral limb
strikes were obtained, and the means of the four trials were calculated for each parameter
for each side. Peak vertical (ZPeak), braking (YA), and propulsion (YB) forces were deter-
mined as a percentage of body weight. Visual examination of the graphical representation
confirmed the validity of trials. Kinetic data were collected before tape application and
5 min and 2 h after application.

Kinetic and Kinematic Data Analysis:
A three-way repeated measures ANOVA (SAS, Cary, NC, USA) was performed on

ground reaction forces, angular acceleration, angular velocity, and maximum and minimum
joint angles of the tarsus and stifle. Comparisons between the taped and untaped limbs,
as well as comparisons between exercises (walking, trotting, and cavaletti poles), and
exercise × time interaction were performed.

3. Results

3.1. Participants

A total of 10 dogs participated in the study. Breeds included German Shepherd,
Standard Poodle, Golden Retriever Mix, Boxer mix, Great Dane, Weimaraner mix, English
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Retriever Spaniel, and mixed breed dogs. The average age of participants was 6.2 years
(range 2 to 10), and the average weight was 25.8 kg (range 17.4–40.4). The body condition
score of dogs was 4–6 out of 10. Four dogs had the tape applied to the left tarsus, and six
dogs had the tape applied to the right tarsus.

All dogs had short-to-medium length hair; dogs with medium-length hair were
clipped for marker application. One dog (German Shepherd) experienced minor dermatitis
from clipping. It was treated with topical dilute chlorohexidine and resolved in 5 days
without complication. No other complications occurred.

3.2. Kinesiology Tape Longevity

The kinesiology tape either fell off or required additional support pieces applied within
2 h (Figure 4). In most dogs, the tape loosened within 15 min. Additional support pieces
were placed perpendicularly on the limb depending on the site of tape failure (Figure 5).
Failure occurred most commonly at the tarsocrural joint, likely due to the high motion
and angularity in this area. Other sites of failure included the proximal and distal ends of
the tape.

Figure 4. Kinesiology tape failure over the tarsocrural joints.

Figure 5. Additional tape added perpendicular to the original tape to hold it in place. Each subject
required this modification by the 2-h test mark or earlier.
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3.3. Kinematic Gait Evaluation

There were no significant differences among any of the comparisons, except for
significant changes in angular acceleration and angular velocity of joint motion and tarsal
and stifle flexion among exercises (Tables 2 and 3, Figures 6 and 7). Flexion was greatest
with cavaletti rail walking, followed by trotting and walking. The presence of kinesiology
tape application had no effect on altering the measured variables during a particular
exercise, however.

Table 2. Summary of three-way repeated measures ANOVA of tarsal kinematic measurements.

Tarsus Kinematic Variables (p Values)

Comparison Angular Acceleration Angular Velocity Maximum Flexion Minimum Flexion

Affected vs. Unaffected Leg 0.5042 0.5418 0.6946 0.7511
Exercises 0.0004 0.0001 0.1554 <0.0001

Leg vs. Exercises 0.7955 0.4757 0.3118 0.4251
Time 0.7509 0.9452 0.9960 0.3644

Leg vs. Time 0.9848 0.9041 0.5699 0.8166
Exercises vs. Time 0.0861 0.3684 0.3258 0.0596

Leg vs. Exercises vs. Time 0.2671 0.5127 0.8765 0.9506

Table 3. Summary of three-way repeated measures ANOVA of stifle kinematic measurements.

Stifle Kinematic Variables (p Values)

Comparison Angular Acceleration Angular Velocity Maximum Flexion Minimum Flexion

Affected vs. Unaffected Leg 0.2613 0.1333 0.6581 0.9445
Exercises <0.0001 <0.0001 0.0885 <0.0001

Leg vs. Exercises 0.3807 0.1368 0.7262 0.9023
Time 0.3194 0.2521 0.9675 0.3826

Leg vs. Time 0.6637 0.0665 0.0747 0.8477
Exercises vs. Time 0.027 0.5549 0.2693 0.3152

Leg vs. Exercises vs. Time 0.2032 0.534 0.1465 0.2343

Figure 6. Stifle flexion at a walk, trot, and stepping over cavaletti rails before and after kinesiology
tape application. Flexion was significantly greater with stepping over cavaletti compared with
walking and trotting, but there were no differences with kinesiology tape application (* indicates
significance between walking vs. cavaletti and trotting vs. cavaletti).
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Figure 7. Tarsal flexion at a walk, trot, and stepping over cavaletti rails before and after kinesiology
tape application. Flexion was significantly greater for stepping over cavaletti rails compared with
walking and trotting, but there were no differences with kinesiology tape application (* indicates
significance between walking vs. cavaletti and trotting vs. cavaletti).

3.4. Kinetic Gait Evaluation

Three-way repeated measures of ANOVA showed no statistical difference between
the taped and untaped limbs between limbs, exercise × time, or other comparisons listed
in Table 4. There were differences in mean ground reaction forces regarding exercises, with
ZPeak and YAPeak being greater with trotting (Figure 8).

Table 4. Summary of three-way repeated measures ANOVA of ground-reaction force variables.

Kinetic Variables (p Values)

Comparison Peak Vertical Force (ZPeak) Propulsion (YAPeak) Braking (YBPeak)

Affected vs. Unaffected Leg 0.7838 0.5418 0.4610
Exercises <0.0001 0.0002 0.2631

Leg × Exercises 0.8394 0.9706 0.9144
Time 0.7132 0.2127 0.3422

Leg vs. Time 0.4063 0.3110 0.8742
Exercises × Time 0.0514 0.5281 0.9687

Leg × Exercises × Time 0.9915 0.7742 0.2417
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Figure 8. Peak vertical force of dogs walking and trotting before and after kinesiology tape application.
Peak vertical force was significantly greater with trotting vs walking, but there were no differences
with kinesiology tape application.

4. Discussion

Based on the results reported here, the application of kinesiology tape to the canine
tarsus had no significant effect on tarsal or stifle joints regarding gait or performance of
selected exercises. The tape had no effect on kinematic joint variables in the tarsus or stifle,
similar to the effect of kinesiology taping of the forelimb in horses [23], nor any effect on
measured ground reaction forces at the walk or trot, unlike a study of tape application
to equine fetlocks [22]. Therefore, our original hypotheses postulating increased range of
motion and decreased peak vertical force were rejected.

Studies in people have also found little effect of kinesiology tape on joint motion [30].
However, improvement in muscle strength has been reported in people undergoing ki-
nesiology taping for knee osteoarthritis, muscle fatigue, and shoulder function during
performance activities [14,31,32], while other studies have shown no effect [33–35]. Al-
though improvement of joint proprioception has been a suggested benefit of kinesiology
taping [36,37] and may be beneficial in those with poor proprioception [38], this may not
occur in normal patients [39–41].

A secondary aim of this study was to evaluate kinesiology tape longevity based on
the manufacturer’s claims that it can be worn for 5 days. The tape was applied per the
manufacturer’s instructions. In this study, the kinesiology tape did not adhere to the limb as
long as expected. All dogs required tape modification within 2 h of application. However,
this may be due to the high mobility of the canine tarsus and may not reflect inherent
properties of the tape itself or the tape application protocol. It is possible the tape may
perform better on other joints or on dogs that are not performing exercises with great joint
motion after tape application. It is also unknown if the additional pieces added to maintain
tape position (added perpendicularly to the original piece) altered joint motion. Further
studies using tape on other joints may produce different results and provide more longevity
of the tape.

Based on the results of the study presented here, kinesiology tape does not alter gait
or performance of the tested exercises in clinically normal dogs. The tape did not affect
any of the measured parameters when compared to the untaped contralateral limb. This is
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similar to the effect of kinesiology taping of the forelimb in horses and in back flexion and
extension, which found no effect on forelimb joint or back kinematics [9,23]. However, the
lack of effect of kinesiology taping on ground-reaction forces in dogs differs from a study
of tape application to equine fetlocks, which found decreased ground reaction forces [22].
Although we found no effects in our study of normal dogs, studies of kinesiology taping
effects in dogs with pathology, such as osteoarthritis, should be considered [42].

Studies evaluating tape application methods may also be warranted. Although some
studies have suggested that tape tension and the direction of tape application may make
a difference [43–45], others have shown that the direction of the tape may not make a
difference regarding athletic performance [46–48]. Changes in application, such as clipping
the hair over the intended area of all study dogs, may help increase contact between the
adhesive and skin. Also, tapes from different manufacturers exhibit different characteristics
regarding adherence [49–51].

Limitations in this study include a small sample size and difficulties in the application
of the kinesiology tape and tape longevity. Skin movement about markers is also a limitation
of the kinematic evaluation of gait. However, the techniques used in this study allowed
noninvasive collection of data and used no radiation equipment that has been used in other
studies, such as fluoroscopy, to limit radiation exposure. In addition, the use of the virtual
markers used in the study reported here has been shown to reduce the effects of marker
motion artifact. Each dog served as its own untaped control, making any differences in
joint motion a result of kinesiology tape application consistent.

In our original hypothesis, we believed that dogs would have altered tarsal joint move-
ment, and we also believed that this effect would be less as the dogs became accustomed
to wearing the tape. That was the logic behind repeated evaluation over 2 h or longer.
However, because there were no immediate differences in joint motion right after tape
application, along with difficulties in maintaining tape in position, we were unable to
evaluate the dogs longer than 2 h after tape application.

To our knowledge, this is the first study to evaluate the effect of kinesiology tape
on gait characteristics in normal dogs. Our study of the effects of kinesiology tape on
dogs is important to further understand any impacts on clinical patients. Kinesiology tape
is increasingly used in veterinary practice, likely because of its impact on human sports
medicine. Systematic scientific studies are warranted to understand the true effectiveness
of the tape. Future research to evaluate the use of kinesiology tape on other joints, such
as the stifle, coxofemoral, and cubital joints, as well as the spinal column, is warranted in
clinically normal dogs and dogs with various orthopedic or neurologic conditions.

5. Conclusions

In conclusion, kinesiology tape applied to the dorsal canine tarsus had no significant
effect on gait or the completion of selected exercises. The tape had no effect on measured
kinematic or kinetic variables. The tape, as applied according to the manufacturer’s
instructions, did not last beyond 2 h. The tape application protocol should be revisited if
subjects are asked to perform rehabilitation exercises over a period of time. Additional
studies evaluating tape application, tape longevity, and tape effects on other joints during
motion are also warranted.
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