Archives of Academic Emergency Medicine. 2024; 12(1): e70 OPEN ‘; . 1‘; ACCESS

REVIEW ARTICLE

Monkeypox: A Comprehensive Review of Virology, Epidemiology, Transmis-

sion, Diagnosis, Prevention, Treatment, and Artificial Intelligence Applications

Erfan Rahmani!, Ziba Bayat?, Mehrdad Farrokhi®*, Shiva Karimian?, Reza Zahedpasha®*, Hamed Sabzehie®,
Sepehr Ramezani Poor?, Parisa Jafari Khouzani®, Solmaz Aminpour’, Mohammad Karami®, Omid
Afsharjahanshahig, Maryam Sharifi!?, Behnaz Dalvandi?, Reza DalvandiZ, Amirhossein Esfahani?, Maryam
Alaei?, Mahtab Mirbolouk!!, Fateme Moradi?, Amitis Nozari?, Seyed Mohammad Shahab Mirabedini?,
Mahrokh Janmohamadi?, Sara Moghimi'?, Farzaneh Nikfarjam?, Faezeh Jalayer Sarnaghy?, Amirhossein
Mirbolook?, Mohammad Pirouzan?, Mozhdeh Mohammadi Virsoudi?, Atousa Moghadam Fard?, Mehdi
Nikandishnobar!3, Hossein Boustani Hezarani'4, Mohammadreza Fadavighafari?, Masoud Farrokhi?

1. School of Medicine, Tehran University of Medical Sciences, Tehran, Iran.
2. ERIS Research Institute, Tehran, Iran.

3. Student Research Committee, Department of Epidemiology, School of Public Health and Safety, Shahid Beheshti University of Medical
Sciences, Tehran, Iran.

4. Department of Radiology, School of Medicine, 5th Azar Hospital, Gorgan, Golestan, Iran.

5. Kocaeli Health and Technology University, Kocaeli, Turkey.

6. Graduated, School of Medicine, Isfahan University of Medical Sciences, Isfahan, Iran.

7. Research Centre of Applied and Preventive Cardiovascular Medicine, University of Turku, Turku, Finland.

8. Student, Nanjing Medical University, International School (SIE), Nanjing, China.

9. Atilim University Faculty of Medicine, Ankara, Turkey.

10. City Dental College and Hospital, Dhaka University, Dhaka, Bangladesh.

11. School of Pharmacy, Cyprus International University, Nicosia, North Cyprus.

12. Department of Physiology, Tulane School of Medicine, Tulane University, New Orleans 70112, Louisiana, U.S.A.
13. Faculty of Medicine, Atilim University, Ankara, Turkey.

14. Azerbaijan Medical University, Baku, Azerbaijan.

Received: July 2024; Accepted: August 2024; Published online: 17 September 2024

Abstract: Monkeypox (Mpox), an uncommon zoonotic Orthopoxvirus, is commonly manifested by blisters on the skin and has
a mortality rate of approximately 0-10%. Approximately two decades after the cessation of global smallpox vaccina-
tion, the number of confirmed cases of Mpox has been growing, making it the most common Orthopoxvirus infection.
Therefore, in this narrative review, we aimed to shed light on recent advancements in the pathophysiology, transmission
routes, epidemiology, manifestations, diagnosis, prevention, and treatment of Mpox, as well as the application of arti-
ficial intelligence (AI) methods for predicting this disease. The clinical manifestations of Mpox, including the onset of
symptoms and dermatologic characteristics, are similar to those of the infamous smallpox, but Mpox is clinically milder.
Notably, a key difference between smallpox and Mpox is the high prevalence of lymphadenopathy. Human-to-human,
animal-to-human, and animal-to-animal transmission are the three main pathways of Mpox spread that must be con-
sidered for effective prevention, particularly during outbreaks. PCR testing, as the preferred method for diagnosing
Mpox infection, can enhance early detection of new cases and thereby improve infection control measures. JYNNEOS
and ACAM2000 are among the vaccines most commonly recommended for the prevention of Mpox. Brincidofovir, Cid-
ofovir, and Tecovirimat are the primary treatments for Mpox cases. Similar to other viral infections, the best approach to
managing Mpox is prevention. This can, in part, be achieved through measures such as reducing contact with individ-
uals displaying symptoms, maintaining personal safety, and adhering to practices commonly used to prevent sexually
transmitted infections.
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1. Introduction

Monkeypox (Mpox), an uncommon zoonotic Orthopoxvirus,
is commonly manifested by blisters on the skin and has a
mortality rate of 0-10% (1). Mpox was first reported in pri-
mates and rodents, and in 1958, an outbreak manifested by
blisters on the skin of monkeys was found in Africa (2). Mpox,
caused by a double-stranded DNA virus, is native to Central
and West Africa but was first identified during polio vaccine-
related investigations in Denmark (3). Two genetic clades
have been identified for Mpox: Clade I, or the Congo Basin
Clade, and Clade II, or the West African Clade. Clade I is
frequently found in Central and Southern Cameroon, while
Clade II is commonly identified in the Sierra Leone region
and Western Cameroon (4, 5). Patients with Clade I Mpox
showed a higher mortality rate (10%) compared to those with
Clade II Mpox (1%) (6, 7). The manifestations of Mpox are
mainly similar to those reported in cases of smallpox, though
the severity of symptoms in Mpox is milder than in smallpox
(8). The first confirmed case of Mpox in a human was iden-
tified in a nine-month-old child in the Democratic Republic
of Congo (9). After this patient, cases of Mpox were found
in Nigeria in 1971, some of which had no history of smallpox
vaccination (10). Since 2017, a large outbreak with numer-
ous suspected and confirmed cases of Mpox has been ongo-
ing in Nigeria. In May 2022, the first confirmed case of Mpox
was found in a traveler returning from Nigeria to the United
Kingdom, who then transmitted the disease to their family
members.

(11). The World Health Organization (WHO) reported Mpox
as a Public Health Emergency of International Concern
(PHEIC) following an increase in the number of human cases
in non-endemic regions starting in May 2022 (12-15). Al-
though in May 2023, the WHO stated that Mpox was no
longer a PHEIC, on August 14, 2024, due to an increase
in Mpox cases in several African countries, particularly the
Democratic Republic of the Congo (DRC), the WHO once
again declared Mpox a PHEIC (16).
decades after the cessation of global smallpox vaccination,

Approximately two

the number of confirmed cases of Mpox has been growing,
making it the most common Orthopoxvirus infection (17).
Therefore, in this narrative review, we aimed to shed light on
recent advancements in the pathophysiology, transmission
routes, epidemiology, manifestations, diagnosis, prevention,
and treatment of Mpox, as well as the application of artificial
intelligence (AI) methods for predicting this disease.

2. Methods

A comprehensive search was conducted across three
databases: Medline, Web of Science, and Scopus. The aim
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was to identify the most recent and relevant studies related
to Mpox infection. To ensure a thorough search, we used
the search terms "Mpox" and "Monkeypox" within the
Title/Abstract fields of these databases.

2.1. Virology and Pathophysiology

Mpox is an enveloped, double-stranded linear DNA virus
with characteristics such as lateral bodies and a dumbbell-
shaped core, similar to those of the Orthopoxvirus genus.
Vaccinia virus, camelpox, smallpox, ectromelia (mousepox),
and cowpox are other members of this family with similar
morphological features. Monkeypox, with an approximate
length of 220-450 nm and a diameter of 140-260 nm, uses
the cytoplasm of its host to complete its life cycle (18, 19).
Depending on the type of host cell and species, several pro-
teins are required to initiate the replication cycle of Mpox.
Furthermore, the infection process becomes more complex
as the virus evolves new mechanisms to evade the immune
system.

However, Karler et al. (20) showed that four distinct types
of proteins are used by the Mpox virus for binding to the
host cell. There are mainly three processes for the entry of
the Mpox virus into the host cell, including endocytosis, mi-
cropinocytosis, and fusion. Interactions between the Mpox
virus and host cells are carried out by the termini of the
genomes, while virus assembly and transcription are con-
It has been esti-
mated that the incubation period and the length of mani-

ducted by the genome’s central region.

festations are 5-21 days and 2-5 weeks, respectively (21, 22).
Results from investigations on nonhuman primates infected
with other orthopoxviruses constitute the majority of knowl-
edge regarding the etiology and pathogenesis of the Mpox
virus in humans. Replication of the Mpox virus in fibroblasts
and keratinocytes following respiratory or skin-to-skin con-
tact is the main mechanism of Mpox infection (23-25). Ani-
mal models of aerosolized Mpox infection have revealed that
the tonsils, mediastinal, and mandibular lymph nodes are
the first sites to be involved during the pathogenesis of Mpox
infection. Lymphatic distribution of the virus can lead to the
spread of lesions and dissemination to other organs, such as
the spleen, heart, kidneys, and cerebrospinal fluid (CSF) (26).
Type I and II interferon signaling pathways, immune re-
sponses from natural killer cells, and serologic immunity
constitute the main defensive mechanisms of the body
against the Mpox virus (27-29). Gamma delta T cells lo-
cated in infected tissues may also play a partial role in the
immune response against Mpox infection (30). Investiga-
tions on lethal infections in nonhuman primates have shown
that the adaptive immune system, through B cell-derived
neutralizing antibodies, is critical for protection against the
Mpox virus (31). The Thl response by T cells, with the ex-
pansion of CD4+ and CD8+ cells, is another aspect of the im-
mune response against the Mpox virus (29).
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2.2. Epidemiology

In the initial reports of human Mpox infection in Zaire, 282
cases were identified between 1980 and 1985. Unvaccinated
patients showed a fatality rate of approximately 11%, which
was higher than the 15% found in children, while vaccinated
cases had no mortality (32). The first case of Mpox from a
nonendemic region after the Mpox outbreak in the USA was
a British traveler who returned to the UK from Nigeria with
arash in 2022. In that year, the UK Health Security Agency
(UKHSA) reported several other confirmed cases of Mpox in-
fection in the country (33). Moreover, in May 2020, Spain,
Portugal, the USA, and Canada reported seven, fourteen, one,
and thirteen Mpox cases, respectively (34). Similarly, the
Netherlands, Austria, France, Germany, Italy, Belgium, Swe-
den, Israel, Mexico, the United Arab Emirates, and several
other European countries also reported their first confirmed
case of Mpox during this month (33, 35, 36).

Since 2022, the Democratic Republic of the Congo has seen
a sharp increase in the rate of infected cases and deaths due
to Mpox infection. Person-to-person spread of the clade Ib
offshoot of clade I of Mpox has also been reported in some
regions of the Democratic Republic of the Congo. Other
countries have also experienced this clade since mid-2024.
Between January 2022 and August 2024, more than 100,000
laboratory-confirmed cases of Mpox infection and over 220
deaths due to these infections have been reported from over
120 countries (37, 38). The top 10 countries with the most re-
ported Mpox cases, from lowest to highest, are Germany (n
= 3,886), Peru (n = 3,939), the United Kingdom (n = 4,018),
Mexico (n = 4,132), Colombia (n = 4,256), France (n = 4,283),
the Democratic Republic of the Congo (n = 4,385), Spain (n
=8,104), Brazil (n = 11,841), and the United States of Amer-
ica (n = 33,556). These 10 countries accounted for 80% of the
cases reported (37).

2.3. Clinical Manifestations

The clinical manifestations of Mpox, including the onset of
symptoms and dermatologic characteristics, are similar to
those of the infamous smallpox, but Mpox is clinically milder
(39, 40). Notably, a key difference between smallpox and
Mpox is the high prevalence of lymphadenopathy (90%) in
Mpox cases (21, 39). Additionally, the clinical characteristics
of Mpox resemble those of varicella zoster virus (VZV), and
accumulating evidence has shown cases of co-infection with
both diseases (41, 42). As previously mentioned, the incuba-
tion period, which typically lasts 5-21 days, may be accom-
panied by myalgia, cephalgia, lethargy, and pyrexia (21, 39).
Discrimination between Mpox and smallpox cases with these
symptoms is based on the presence of either unilateral or
bilateral lymphadenopathy, which may involve the inguinal,
cervical, axillary, submandibular, and postauricular regions
(21, 43). One to two days after lymphadenopathy, short-lived
rashes, beginning with an enanthem similar to that seen in
smallpox, appear on the tongue or in the mouth of Mpox
cases. After one day, a macular rash develops on the face
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and spreads caudally to other parts of the body (21, 44). In
non-human primates, the initial clinical signs of Mpox in-
clude epidermal plaques and papules progressing to crusts
and pustules. Smallpox pustules are frequently found on the
extremities and face, but they can present anywhere (45). In
previous outbreaks, the perioral and anogenital regions were
commonly the first affected areas, while the extremities and
trunk had fewer lesions. Necrotic crusts and paraphimosis
were also reported in male cases. Pain and proctitis can re-
sult from rectal lesions as primary manifestations (46). Accu-
mulating evidence has revealed that the duration and sever-
ity of symptoms are associated with the density of derma-
tologic lesions (47). Ocular involvement, secondary derma-
tologic infections, pneumonia, and encephalitis are severe
complications that may occur in some cases (48, 49). High-
risk cases, such as immunocompromised patients, pregnant
women, and neonates, may experience severe complications
(50, 51). Approximately 35% of Mpox cases require clinical
treatment (48, 52).

2.4. Diagnosis

Confirmation of Mpox diagnosis based solely on the signs
and symptoms of patients is impossible, as their manifesta-
tions are not distinguishable from infections caused by other
members of the poxvirus family (22). Therefore, diagnos-
tic laboratory technologies for the early detection of Mpox
cases are crucial. Some current laboratory investigations
for identifying the Mpox virus include Polymerase Chain Re-
action (PCR) of viral DNA, immunohistochemistry, culture
evaluation of rash specimens, electron microscopy assess-
ment, and serological antibody testing (22). The WHO rec-
ommends PCR testing as the preferred method for diagnos-
ing Mpox infection. The best specimen collection for labora-
tory evaluation of Mpox involves scraping scabs, discharge,
or vesicular lesions, which should be kept cold in a sterile
setting. Viral culture for laboratory evaluation can be con-
ducted using nasopharyngeal or oropharyngeal swabs. Sam-
pling from vesiculopustular rashes or vesicular lesions on the
skin can assist in achieving a more accurate diagnosis (21).
Several laboratory techniques may be required simultane-
ously to rule out smallpox in some cases (53). Active cases
of Mpox can be diagnosed based on the detection of DNA or
genetic material of the Mpox virus in skin lesions (54). Detec-
tion of viral DNA requires that specimens of lesion material
be stored in a dark, cool tube (55). The main disadvantages
of this diagnostic technique are its relatively high cost and the
need for expert technicians (56). Serologic antibody assess-
ment using enzyme-linked immunosorbent assay (ELISA) is
also used for diagnosing active cases. In contrast to PCR,
conducting ELISA can be done with minimal training and
at a lower cost. However, due to cross-reactivity among or-
thopoxviruses and the fact that ELISA does not specifically
detect the Mpox virus, the results of this test cannot confirm
a diagnosis of Mpox infection (57). Therefore, serologic eval-
uation and ELISA for antibody detection are not typically rec-
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ommended for diagnosing Mpox (56, 58).

2.5. Transmission

Human-to-human, animal-to-human, and animal-to-
animal are the three main pathways of Mpox transmission
(Figure 1). Direct contact with fluids and secretions from
infected animals is the most common method of animal-
to-human transmission (20). Therefore, the rate of Mpox
infection in humans is influenced by the number of animal
contacts. Due to the presence of different sources of ani-
mal contact, it is difficult to determine the exact source of
infection for a specific patient (18). West Africa and Nigeria
have primarily reported cases of human-to-human trans-
mission of Mpox (17). Using contaminated objects from
Mpox patients and living with them in the same place can
lead to human-to-human transmission. Large respiratory
droplets and direct contact are other modes of Mpox virus
transmission (18). However, human-to-human transmission
played a lesser role in the 2022 Mpox outbreak in Europe,
as most cases involved the West African clade of the virus
(59-61).

Investigations have also detected Mpox virus in semen
samples (4). Indeed, genital fluids, including vaginal fluid
and seminal fluid, from infected cases consistently contain
the Mpox virus (62, 63). In some patients, Mpox virus DNA
was detected in seminal fluid even a long time after the
onset of clinical manifestations (64). Moreover, urethral and
anal swabs from infected cases can be used to culture viable
Mpox virus (65).

These sexual transmission characteristics of Mpox virus
have led some researchers to investigate the possibility of
classifying Mpox infection as a sexually transmitted infection
(29, 66). There are few studies on vertical transmission of
Mpox infection, but there is some findings that show this
type of transmission (67, 68). Due to the susceptibility of
children and pregnant women, greater caution must be
exercised to prevent vertical transmission (67, 69). In recent
years, most confirmed cases of Mpox during outbreaks have
been reported in bisexual or homosexual men. In this regard,
an investigation also showed that 98% of Mpox patients were
bisexual or homosexual men, with 41% co-infected with
human immunodeficiency virus (HIV) (70, 71).

2.6. Prevention

As previously discussed, sexual and physical transmission
from infected individuals to healthy people are two main
routes of infection spread.

Therefore, reducing contact with those who have symptoms
of Mpox infection, considering personal safety, and following
practices commonly used for sexually transmitted infections
can help prevent human-to-human transmission of Mpox.
Regular handwashing with appropriate hand rub and ensur-
ing a safe environment for respiratory habits can also reduce
Mpox transmission (72). Public education on the routes of
Mpox transmission, risk factors, and safety measures plays a

pivotal role in controlling the disease in society. Early iden-
tification of outbreaks and implementing appropriate mea-
sures are effective in preventing the rapid spread of infection.
Vaccination is another critical component of prevention pro-
grams currently under investigation and will be discussed in
the next section (73). Furthermore, it is estimated that re-
ducing the number of sexual partners, particularly in regions
with a high rate of infection, can lower the possibility of Mpox
transmission. Healthcare personnel who have contact with
infected individuals are considered a high-risk group. They
are advised to follow safety measures and use effective per-
sonal protective equipment, such as respirator masks, dis-
posable gloves, face shields, and long-sleeved gowns (74, 75).

2.7. Vaccines

Some evidence suggests that smallpox vaccines may also of-
fer cross-protection against monkeypox (76). Vaccines acti-
vate a cascade of cellular and biomarker mechanisms that
result in the removal of infected cells by cytotoxic T cells,
which are activated by antibodies secreted from B lympho-
cytes. Most people worldwide did not receive the smallpox
vaccine, as the disease was eradicated long ago. As a re-
sult, the likelihood of resistance to Orthopoxvirus is low. The
WHO has suggested that the most effective preventive mea-
sure may be further research into vaccines against the Mpox
virus (77). Due to the limited number of companies produc-
ing or researching Mpox vaccines, ensuring sufficient supply
for the global population is a significant challenge. Consider-
ing the above-mentioned limitations, future research may fo-
cus on improving available smallpox vaccines for use against
Mpox. Orthopoxviruses share similar genetic characteristics,
suggesting that vaccines against one Orthopoxvirus may of-
fer cross-protection against others (78). The WHO has rec-
ommended that if a person has been in contact with an in-
fected patient, vaccination should be administered within 4
days. Moreover, vaccination can be given up to two weeks
after exposure if the individual does not show symptoms of
Mpox infection (38). For individuals over the age of 18, JYN-
NEOS (modified vaccinia virus Ankara (MVA)), a replication-
deficient vaccine, was approved by the Food and Drug Ad-
ministration (FDA) to prevent Mpox infection (79, 80). Ad-
ditionally, further investigations are being conducted to con-
firm its efficacy and safety for pediatric subjects. High-risk
populations, such as HIV patients, can also safely receive this
vaccine. (79, 81-83). ACAM2000, a replication-competent
vaccine for the prevention of Mpox infection, was approved
by the FDA in 2007 (84). However, this vaccine has some side
effects, including myopericarditis, encephalitis, eczema vac-
cinatum, and progressive vaccinia (83, 85).

2.8. Treatment

Similar to other infections by other Orthopoxviruses, preven-
tion from infection sequela, reducing complications, and al-
leviation of symptoms are the main aims of optimal treat-
ment of Mpox infection (86). Brincidofovir as an orally ad-
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Human to Human
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Respiratory Transmission Vertical Transmission

Animal to Human

Horizental Transmission

Animal to Animal

Rodents and Primate

Three main types of Mpox transmission including animal to animal, animal to human, and human to human.

ministered drug and Cidofovir as an intravenously adminis-
ter drug are two antiviral treatments against Orthopoxvirus
(18, 19). US FDA’s animal rule confirmed tecovirimat which
is an inhibitor of the release of intracellular viruses applied
for the treatment of smallpox. Tecovirimat was also approved
for the management of Mpox by European Medical Associa-
tion (EMA) in 2022 (18, 87). Release of the Mpox virus from
infected cells mediated by the VP37 viral protein can be sup-
pressed by Tecovirimat (88). Tecovirimat is available in two
forms: intravenous vial and oral capsule (85). Its efficacy
has been demonstrated in animals, but its effectiveness in
humans is still under further investigation (87, 89). Brincid-
ofovir, a lipid conjugate of cidofovir, is an inhibitor of viral
DNA polymerase and was approved for the treatment of cy-
tomegalovirus retinitis in AIDS (90). Severe cases of Mpox in-
fection can be treated with both brincidofovir and tecoviri-
mat together (19, 85). During the management of Mpox in-
fection, early detection and treatment of secondary bacterial
infections should be considered (56). Although some cases
manifest severe symptoms of Mpox infection with a 3 to 10%
fatality rate, the infection is typically self-limiting, and the
symptoms of the majority of patients will improve without
treatment (91, 92).

Supportive care, such as reducing mucosal and dermatologic
complications, managing gastrointestinal symptoms includ-
ing diarrhea and vomiting to control fluid loss, and providing
appropriate nutrition and hydration, plays a crucial role in
the clinical management of Mpox infection (22).

2.9. Public Health Measures

The potential for a disease to affect a large proportion of
a population or geographical region within a specific time
frame is known as an epidemic, which should also be con-
sidered for Mpox infection. Sometimes, even a single case of
infection can result in an epidemic in a particular region at a
given time. Nowadays, one case of Mpox infection can pose a

critical public health threat to a region. Therefore, suspected
cases of Mpox infection must be promptly evaluated and re-
ported by clinicians to public health authorities. Addition-
ally, the WHO must be informed of confirmed cases of Mpox
infection according to the International Health Regulations
(IHR) (91). Prevention of Mpox spread through isolation of
infected cases and monitoring of previous contacts should
be carried out by healthcare providers. Investigations into
the most common modes of Mpox transmission in the region
should be conducted to aid in further planning for effective
preventive measures (75). Genomic sequencing of the Mpox
virus to identify the clade responsible for epidemics may also
be helpful for understanding the epidemiology of the infec-
tion in the region (93).

2.10. Application of Artificial Intelligence Tech-
niques for Monkeypox management

Recently, a systematic review by Chadaga et al. (94)
was conducted using a comprehensive search of electronic
databases, including Medline, Scopus, Web of Science, and
publisher archives, as well as search engines like Google
Scholar and PubMed. They searched for eligible studies using
keywords related to monkeypox and Al, which resulted in the
inclusion of 34 studies that met the inclusion criteria. Over-
all, their findings revealed that Al has been applied in vari-
ous aspects of research on the Mpox virus, including treat-
ments, vaccine and drug design and production, epidemi-
ological modeling of infection, diagnosis of infected cases,
and media risk management. It has also been proposed that
Al can combine recent findings from regenerative medicine,
gene therapy, and pharmacology to provide novel treatments
for Mpox infection. Predicting future outbreaks of Mpox, de-
tecting disease clusters, and monitoring patients were also
reported as effective applications of Al (95).

However, studies on the applications of Al in various aspects
of Mpox management are limited, and further investigations
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in this field will be required to improve disease control.

3. Conclusion

Human-to-human, animal-to-human, and animal-to-
animal transmission are the three main pathways of Mpox
spread that must be considered for effective prevention,
particularly during outbreaks. PCR testing, as the preferred
method for diagnosing Mpox infection, can enhance early
detection of new cases and thereby improve infection control
measures. JYNNEOS and ACAM2000 are among the vaccines
most commonly recommended for the prevention of Mpox.
Brincidofovir, Cidofovir, and Tecovirimat are the primary
treatments for Mpox cases. Similar to other viral infections,
the best approach to managing Mpox is prevention. This
can, in part, be achieved through measures such as reducing
contact with individuals displaying symptoms, maintaining
personal safety, and adhering to practices commonly used to
prevent sexually transmitted infections. These strategies can
help mitigate human-to-human transmission of Mpox.
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