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Foot‑and‑mouth 
disease‑associated myocarditis 
is age dependent in suckling calves
Pankaj Deka 1*, Sangeeta Das 1*, Ritam Hazarika 1, Ray Kayaga 2, Biswajit Dutta 1, 
Abhijit Deka 1, Utpal Barman 1, Rofique Ahmed 1, Nazrul Islam 3, Mihir Sarma 1, Ilakshy Deka 4, 
Manoranjan Rout 5, Krishna Sharma 1 & Rajeev K. Sharma 1

Myocarditis is considered a fatal form of foot-and-mouth disease (FMD) in suckling calves. In the 
present study, a total of 17 calves under 4 months of age and suspected clinically for FMD were 
examined for clinical lesions, respiratory rate, heart rate, and heart rhythm. Lesion samples, saliva, 
nasal swabs, and whole blood were collected from suspected calves and subjected to Sandwich ELISA 
and reverse transcription multiplex polymerase chain reaction (RT-mPCR) for detection and serotyping 
of FMD virus (FMDV). The samples were found to be positive for FMDV serotype “O”. Myocarditis 
was suspected in 6 calves based on tachypnoea, tachycardia, and gallop rhythm. Serum aspartate 
aminotransferase (AST), creatinine kinase myocardial band (CK-MB) and lactate dehydrogenase 
(LDH), and cardiac troponins (cTnI) were measured. Mean serum AST, cTn-I and LDH were significantly 
higher (P < 0.001) in < 2 months old FMD-infected calves showing clinical signs suggestive of 
myocarditis (264.833 ± 4.16; 11.650 ± 0.34 and 1213.33 ± 29.06) than those without myocarditis 
(< 2 months old: 110.00 ± 0.00, 0.06 ± 0.00, 1050.00 ± 0.00; > 2 months < 4 months: 83.00 ± 3.00, 
0.05 ± 0.02, 1159.00 ± 27.63) and healthy control groups (< 2 months old: 67.50 ± 3.10, 0.047 ± 0.01, 
1120.00 ± 31.62; > 2 months < 4 months: 72.83 ± 2.09, 0.47 ± 0.00, 1160.00 ± 18.44). However, mean 
serum CK-MB did not differ significantly amongst the groups. Four calves under 2 months old died 
and a necropsy revealed the presence of a pathognomic gross lesion of the myocardial form of FMD 
known as “tigroid heart”. Histopathology confirmed myocarditis. This study also reports the relevance 
of clinical and histopathological findings and biochemical markers in diagnosing FMD-related 
myocarditis in suckling calves.
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Foot-and-mouth disease (FMD) is a highly contagious vesicular disease of cloven-hoofed animals. The disease 
is caused by the FMD virus (FMDV) within the genus Aphthovirus of the Picornaviridae family. The causative 
agent is a non-enveloped virus with an icosahedral capsid composed of 60 copies each of four structural pro-
teins (VP1, VP2, VP3, and VP4). The genome is a single-stranded positive-sense RNA of approximately 8500 
nucleotides. Seven antigenically distinct serotypes (O, A, C, Asia 1, South African Territories 1, 2, and 3) of 
FMDV have been identified serologically1–3. It is considered one of the most important livestock diseases world-
wide due to its severe socio-economic impacts4,5. The disease is characterized by fever, vesicular lesions on the 
tongue, feet, and teats, and lameness. The severity of clinical signs varies with the strain of the virus, degree of 
exposure, the host species, and the age and immune status of the animal. However, adult ruminants’ mortality is 
low but higher in young animals due to acute myocarditis5–7. In calves, myocarditis is considered a fatal form of 
FMD as the affected calves die suddenly without showing any clinical signs7–9. In field conditions, diagnosis of 
FMDV-induced myocarditis is very challenging. It is done based on the history of FMD outbreaks in the region, 
the incidence of the sudden death of young calves, physical examination, and cardiac auscultation. The estima-
tion of serum cardiac troponin I (cTn I), aspartate aminotransferase (AST), creatinine kinase myocardial band 
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(CK-MB), and lactate dehydrogenase (LDH) have been used as diagnostic biomarkers9–11. The release of cTn I 
and other enzymes into circulation as a response to myocardial injury or damage. Studies report that although 
the enzymes AST, CK-MB, and LDH are biomarkers for myocardial damage, they lack tissue specificity and 
sensitivity12. On the other hand, cTn I has nearly absolute myocardial tissue specificity and higher sensitivity 
than those enzymes because cTn I is the only troponin uniquely expressed in the myocardium11,13,14. Therefore, 
cTn I can be considered to be a sensitive marker of myocardial damage as compared to the enzymes.The present 
study aims to detect and type the FMDV circulating in Assam. This study is also focused on mortality in calves 
with myocarditis and the relevance of clinical and histopathological findings as well as biochemical markers in 
FMD diagnosis in suckling calves.

Materials and methods
Sampling and study design
Seventeen calves under 4 months of age and suspected clinically of FMD were included in the present study. 
After a thorough clinical investigation, the calves were divided into two groups based on their age, group A0, 
aging < 2 months (n = 7), and B0, aging > 2–< 4 months (n = 10). Alternatively, the calves were divided into three 
groups, group A1 (< 2 months old, n = 6) clinically suggestive of myocarditis, and group A2 (< 2 months old, 
n = 1) and B1 (> 2 months and < 4 months old, n = 10) clinically negative for myocarditis. As control groups, 
twelve healthy calves were also used, aging < 2 months (n = 6) and > 2–< 4 months (n = 6) and grouped as C and 
D respectively. Lesion samples (epithelial tissue and vesicular fluid), whole blood, saliva, and nasal swabs were 
collected from suspected calves for the detection of FMDV. The criteria for the selection of suspected calves 
depended on characteristic FMD clinical symptoms such as fever, salivation, vesicles in the tongue and mouth, 
depression, and loss of appetite. Blood samples were collected from both clinically affected and control calves for 
prognostic study (serum biochemistry analysis and cardiac biomarker study). In addition, four dead calves under 
2 months old suspected clinically of myocarditis were included in the study for necropsy and histopathological 
examination. The sampling period of the study was 2019–2022. This work has been carried out with high biosafety 
and biosecurity standards in the BSL-3 laboratory, DBT-Advanced Animal Disease Diagnosis and Management 
Consortium (ADMaC), Guwahati center, Assam Agricultural University, Khanapara—781022, Assam, India. . 
Four calves under 2 months old suspected clinically of myocarditis died.

FMDV detection and typing
Sandwich ELISA and reverse transcription multiplex polymerase chain reaction (RT-mPCR) were performed 
for the detection and serotyping of FMDV in samples collected from FMD suspected calves.

Sandwich ELISA
Typing of FMDV in epithelial tissue and vesicular fluid (lesion samples) from suspected infected calves was 
performed by Sandwich ELISA developed by ICAR-DFMD, Mukteshwar, India. A 10% (W/V) antigen suspen-
sion of epithelial tissue was prepared in phosphate-buffered saline (PBS). Briefly, tissue samples were triturated 
with PBS, and the suspension was mixed with an equal volume of chloroform. After centrifugation at 1000 g for 
15 min, the supernatant was collected as antigen and stored at −20 °C for further use. Vesicular fluid was directly 
used as an antigen for the detection of FMDV.

Type-specific anti-146S FMDV sera raised in rabbits and guinea pigs were used as coating and tracing sera 
respectively as per the recommendation of ICAR-DFMD, Mukteshwar, India. Rabbit anti-guinea pig IgG-HRP 
conjugate was used in the assay.

Viral RNA extraction and RT‑mPCR
Viral RNA was extracted from lesion samples, saliva, nasal swab, and blood collected from FMD suspected calves 
using a QIAamp Viral RNA kit (Qiagen, Cat No. 52904) according to the manufacturer’s protocol. Extracted RNA 
was quantified and cDNA synthesis was done immediately using the RevertAid First Strand cDNA Synthesis Kit 
(Thermo scientific, Cat No. EP0441).

RT-mPCR was carried out according to the procedure described by15 and16. To identify the virus type, the 
target partial genes of each prevailing serotype in India (type O, A, and Asia-1) were amplified using the reported 
primers of17. The list of primers used in RT-mPCR is enlisted in Table 1. The PCR products were analyzed on 2% 
agarose gel electrophoresis using Tris Borate EDTA buffer (1X) buffer stained with ethidium bromide. Using a 
gel documentation system, a 100-bp DNA ladder was used to identify the amplified product size.

Table 1.   Primers used for amplification of serotype-specific FMDV by RT-mPCR.

Serotypes of FMDV Primers Sequences [5′–3′]

A DHP15 CAA​CGG​GAC​GAR​CAA​GTA​CTC​

O DHP13 GTG​ACT​GAA​CTG​CTT​TAC​CGCAT​

Asia-1 DHP9 GAC​CTG​GAG​GTY​GCG​CTT​GT

Universal (Reverse sense) NK61 GAC​ATG​TCC​TCC​TGC​ATC​TG
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Serum biochemistry analysis
The serum AST, CK-MB, and LDH were estimated using a semi-automatic biochemical analyzer (Avantor) with 
definite respective kits following the manufacturer’s protocol (Benesphera). Cardiac troponins, especially cTn 
I is the best cardiac biomarker for myocardial damage11. The cTn-I values were measured using the specific kit 
available following the manufacturer’s protocol (Benesphera).

Necropsy and histopathological examination
All the dead calves were subjected to necropsy. Lesions were observed and heart sample was collected. Further, 
the heart specimen was fixed in 10% buffered formalin for histopathological examination18.

Statistical analysis
Statistical analysis of the data in the present study was done using GraphPad Prism 9.3.0®. Simple one-way 
ANOVA followed by Tukey’s post hoc test was performed to determine the association of each serum biochem-
istry parameter with the clinical signs suggestive of myocarditis.

Ethical approval
All authors certified that the present work was carried after approval of Institute Animal Ethic Committee (IAEC) 
and as per the guidelines set by the Committee for the Purpose of Control and Supervision of Experiments on 
Animals (CPCSEA), Animal Welfare Division, Government of India. The ethical approval for the present study 
was accorded by the IAEC vide Approval No. 770/GO/Re/S/03/CPCSEA/FVSc/AAU/IAEC/18–19/667 dated 
28.12.2018. The study is reported per ARRIVE guidelines.

Consent to participate
All authors participated voluntarily in the research.

Results
Typing of FMDV by Sandwich ELISA
A total of 8 lesion samples (epithelial tissue, n = 7 and vesicular fluid, n = 1) were subjected to Sandwich ELISA 
for detection of FMDV, of which all samples were found to be positive for serotype “O” (Table 2).

Detection of FMDV by RT‑mPCR
RT-PCR was employed on 17 whole blood, 12 nasal swabs, 5 saliva, 7 epithelial tissues, and 1 vesicular fluid 
sample collected from FMD suspected calves. Of the 42 samples, 33 were found to be positive for FMDV type O 
(Table 2). Figure 1 indicates the RT-mPCR-based serotype identification where a product size of 249 bp specific 
for FMDV serotype “O” was amplified in all positive samples.

Prognostic study
All the samples collected from clinically suspected calves were found to be positive for FMDV type O in Sandwich 
ELISA or RT-mPCR or both (Fig. 1 and Table 2). The clinical findings recorded in different groups are presented 
in Table 3. In the anamnesis, clinical findings in (group A0: A1 and A2) calves under 2 months old (n = 7) and 
(group B0: B1) calves aged > 2– < 4 months (n = 8) included fever (> 40.5 °C), and vesicular lesions on the mouth 
were noticed in 57.14% and80.00% calves in group A0 and B0, respectively. All the calves in group B1 showed 
vesicular lesions on the mouth and/or feet. However, none in group B1 showed gallop rhythm. Further, in the 
calves diagnosed as FMD positive with clinical signs suggestive of myocarditis (group A1), the clinical symptoms 
were fever (> 40.5 °C), tachypnea (> 50 breaths per min), tachycardia (> 100 beats per min), and gallop rhythm 
was noticed in all (100%) and vesicular lesions in 50% calves. In the calves diagnosed as FMD positive with 
clinical signs negative for myocarditis (group A2 and B1), fever (> 40.5 °C) was determined in 100% and 80% of 
calves respectively, and vesicular lesions in all (100%). All calves with clinical signs suggestive of myocarditis 
were under 2 months old. Four calves under 2 months old suspected clinically of myocarditis died.

Table 2.   Typing and detection of FMDV by Sandwich ELISA and RT-mPCR. GD: Genome detected, ND: Not 
done.

Nature of samples Number of samples tested

Test result

Sandwich ELISA
[number positive]

RT-mPCR
[number positive]

Vesicular fluid 1 FMDV Type O [n = 1] GD [n = 1]

Epithelial tissue 7 FMDV Type O [n = 7] GD [n = 7]

Saliva 5 ND GD [n = 5]

Nasal swab 12 ND GD [n = 9]

Blood 17 ND GD [n = 11]
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Serum biochemistry analysis
Serum parameters of CK-MB, LDH, AST, and cTn-I were compared amongst myocarditis (group A1) and non-
myocarditis (group A2 and B1) with FMD and control groups (Table 4, Supplementary Table 1). Serum biochemi-
cal analysis revealed mean serum.

cTn-I is significantly higher in FMD-positive < 2 months calves showing clinical signs suggestive of myo-
carditis (A1:11.65 ± 0.34) as compared to FMD-positive < 2 months and > 2 months < 4 months calves showing 
no clinical signs suggestive of myocarditis (A2: 0.06 ± 0.00, B1:0.052 ± 0.002). The mean serum cTn-I of FMD 

Figure 1.   Depicting FMDV serotyping by gel-based RT-mPCR. M: DNA marker (100 bp); Lane 1: Positive 
control; Lane 2: Negative control; Lane 3–4: Field samples.

Table 3.   Clinical findings recorded in different groups of calves.

Parameters FMD positive
Control
[n = 12]

A0 
 < 2 months age
(n = 7)

B0 
 > 2- < 4 months 
age
(n = 10)

A1
Suggestive of 
myocarditis 
positive (n = 6)

A2
Suggestive of 
myocarditis 
negative (n = 1)

B1
Suggestive of myocarditis 
negative (n = 10)

C 
 < 2 months age
(n = 6)

D 
 > 2- < 4 months 
age
(n = 6)

High tempera-
ture [> 40.5 °C ]  + (n = 7)  + (n = 8)  + (n = 6)  + (n = 1)  + (n = 8) – –

Tachypnea [> 50 
breaths per 
min]

 + (n = 6) –  + (n = 6) – – – –

Tachycardia 
[> 100 beats per 
min]

 + (n = 6) –  + (n = 6) – – – –

Gallop rhythm  + (n = 6) –  + (n = 6) – – – –

Lesions of FMD 
only on the 
mouth

 + (n = 4)  + (n = 8)  + (n = 3)  + (n = 1)  + (n = 8) – –

Lesions of FMD 
only on foot –  + (n = 2) – –  + (n = 2) – –

Lesions of FMD 
on both foot 
and mouth

–  + (n = 7) – –  + (n = 7) – –

Table 4.   Serum biochemical findings of calves in different groups. Results are as Mean ± SE. (Means with 
different superscripts within a row differ significantly, P < 0.001).

Parameters

FMD-positive calves FMD-negative healthy control groups

 < 2 months old calves (A0)
 > 2 months < 4 months old 
calves (B0)

 < 2 months old calves (C)
 > 2 months < 4 months old 
calves (D)

Clinical signs suggestive of 
myocarditis positive (A1)

Clinical signs suggestive of 
myocarditis negative (A2)

Clinical signs suggestive of 
myocarditis negative (B1)

cTn-I [μg/L] 11.65.00a ± 0.34 0.06b ± 0.00 0.05b ± 0.02 0.047b ± 0.01 0.047b + 0.00

AST [U/L] 264.83a ± 4.16 110.00b ± 0.00 83.0 °C  ± 3.00 67.50d ± 3.10 72.83d ± 2.09

CK-MB [U/L] 233.33a ± 12.56 210.00a ± 0.00 256.00a ± 14.47 256.67a ± 17.64 240.00a ± 14.61

LDH [U/L] 1213.33a ± 29.06 1050.00b ± 0.00 1159.0 °C  ± 27.63 1120.00bc ± 31.62 1160.0 °C  ± 18.44
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negative < 2 months old (group C) and > 2 months and < 4 months old (group D) control group calves were 
0.047 ± 0.01 and 0.047 + 0.00 respectively.

Likewise, mean serum AST is significantly higher in group A1 (264.83 ± 4.16) as compared to A2 
(110.00 ± 0.00), B1 (83.00 ± 3.00), and control groups C (67.5 ± 3.10), and D (72.833 ± 2.09). In contrast to FMD-
negative control groups of calves, FMD-positive calves across all age groups had significantly higher mean serum 
AST, regardless of clinical signs—positive or negative—suggestive of myocarditis.

Also, mean serum LDH is significantly higher in A1 (1213.33 ± 29.06) as compared to A2 (1050.00 ± 0.00), B1 
(1159.00 ± 27.63), and FMD negative control group calves C (1120.00 ± 31.62) D (1160.00 ± 18.44).

However, the mean serum CK-MB level does not differ significantly between any of the groups.

Necropsy and histopathological findings
At necropsy, the presence of a pathognomic gross lesion of an acute or myocardial form of FMD known as 
“tigroid heart” was observed as white streaks on the epicardium of the heart (Fig. 2). Histopathological exami-
nation revealed hyaline degeneration and necrosis of the myocardiocytes. The muscle fibers got separated from 
each other and there is a high degree of intramuscular hemorrhage. Striations of the muscle fibers are also lost. 
The muscle fiber of the heart tissue sections showed infiltration with lymphocytes and a few histiocytes (Fig. 3).

Discussion
In the present study, the samples from FMD suspected calves were found to be positive for FMDV serotype “O” 
by Sandwich ELISA and RT-mPCR. This revealed the circulation of FMDV serotype "O" in Assam. Similar find-
ings reported the dominance of serotype "O" as the cause of recent outbreaks in Assam were reported by19 and20.

Figure 2.   Gross image of < 2 months old calf heart showing pathognomic “tigroid heart” lesion.

Figure 3.   Microscopic image of calf heart showing coagulative necrosis of muscle fibers with interstitial 
infiltration of mononuclear cells. H&E.
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FMD-associated myocarditis is fatal in young calves21. Cardiopulmonary pathological changes are the vital 
signs in FMD-infected calves. These vital signs can be assessed by physical examination of the heart and lungs. 
Clinical findings of fever, tachypnoea, tachycardia, and gallop rhythm have also been reported in FMD-infected 
young calves with myocarditis, as seen in this study8,22. One probable reason for these clinical findings may be 
attributed to the circulatory insufficiency caused due to myocarditis. Our study’s results agree with the previ-
ous investigations that recorded myocarditis in FMD-infected young calves under 2 months of age8,9,23,24. The 
affinity of FMDV to actively growing myocardial cells may be the cause of myocarditis due to FMD infection in 
young calves9. Studies report the entry of FMDV into heart cells is suspected to involve the attachment of the 
RGD loop of VP1 protein on viral capsid to the host integrins on the surface of the target cell25,26. Reference27 
reported that age-associated changes occur in the cardiac matrix and integrins of the heart. Vesicular/ blistering 
lesions in the mouth and/ or feet are characteristic of FMD in adult cattle and acute severe myocardial injury in 
calves7. In the present study, 57.14% of FMD-infected calves under 2 months old (group A0) and all the calves 
aged > 2– < 4 months (group B0) showed the presence of vesicular lesions on the mouth and/or feet. Further, 
vesicular lesions were observed in 50% of the calves diagnosed as FMD positive with clinical signs suggestive 
of myocarditis (group A1) and in all calves diagnosed as FMD positive with clinical signs negative for myocar-
ditis (group A2 and B1). Previous studies reported that FMDV myotropic may occur with or without vesicular 
lesions. Literature defines FMD-infected calves with the presence of both myocarditis and vesicles as expanded 
multi-tropism whereas the absence of vesicles as the substitution of tropism8,28,29. In the present study, 4 calves 
under 2 months old suspected clinically of myocarditis died. Previous studies also reported the sudden death of 
FMD-infected young calves due to damage to the myocardium9.

Serum AST, CK-MB, LDH, and cTn I were measured. Our study revealed a significant increase in mean serum 
cTn-I in FMD-infected calves (< 2 months) with clinical signs suggestive of myocarditis (A1: 11.65 ± 0.34) than 
those (< 2 months and > 2 months < 4 months) without clinically suggestive of myocarditis (A2: 0.06 ± 0.00 and 
B1: 0.052 ± 0.002) and healthy control groups (C: 0.0466 ± 0.005 and D: 0.0466 ± 0.004). Our study’s results agree 
with9,14 and22. Mean serum AST is significantly higher in FMD-infected calves across all age groups, regardless 
of clinical signs suggestive of myocarditis or without myocarditis. Reference9 reported higher AST concentration 
in animals with myocarditis suggesting that increased AST level is an indication of heart abnormalities. Several 
studies report that the cTn-I marker is superior to other serum markers for the detection of myocyte injury in 
FMD-infected calves due to its higher cardiac specificity9,14,29. Therefore, from this study, it can be recognized 
that increased AST level concerning increased cTn I level is related to myocarditis in FMD-infected calves.

In agreement with23 necropsy of the dead calves revealed the presence of white streaks on the epicardium 
of the heart which is a pathognomic lesion known as “tigroid heart” in FMD-infected calves. Similar to8 and23 
histopathological examination revealed myocardial degeneration and necrosis and infiltration of muscle fiber 
of the heart tissue sections with mononuclear cells predominated by lymphocytes with a few plasma cells and 
histiocytes.

During FMD outbreak, it is very common to find sudden death of young calves without premonitory signs in 
field conditions. In this scenario, biomarker assay in young calves may aid in depicting the actual status of cardiac 
function in FMDV-infected calves. The biomarkers cTn I, AST, CK-MB, and LDH are released into circulation 
as a response to myocardial injury or damage. Among these cTn I can be considered to be a sensitive marker 
of myocardial damage as compared to the enzymes AST, CK-MB and LDH because cTn I is the only troponin 
uniquely expressed in the myocardium. Consequently, this will assist in initiating appropriate therapeutic/ sup-
portive measures and avert the related death.

Conclusion
The primary investigation of the clinically FMD-suspected calves revealed the circulation of FMDV serotype “O” 
in Assam. All calves with myocarditis were under 2 months old, suggesting FMD-associated myocarditis is age 
dependent in suckling calves. Overall, this study reports the relevance of clinical and histopathological findings 
and biochemical markers in diagnosing FMD-related myocarditis in suckling calves.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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