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ABSTRACT

Background & Objective: Antimicrobial resistance (AMR) critically threatens surgical safety, impairing perioperative
prophylaxis and complicating infection management. Timely surgical source control is essential but relies on
accurate microbiological diagnosis. Conventional culture-based methods are slow and insensitive, often leading to
empirical broad-spectrum therapy. This review evaluates the role of advanced genomic diagnostics in enhancing
surgical source control for AMR infections, with a focus on challenges and opportunities in low- and middle-income
countries (LMICs) like Pakistan.

Methodology: A narrative review was conducted via a structured search of PubMed, Google Scholar, and
ScienceDirect (January 2015-October 2025). Studies involving genomic tools in the management of AMR-related
surgical infections were included. Evidence was synthesized thematically, covering genomic platforms, clinical
applications, implementation barriers, and LMIC specific perspectives.

Results: Genomic tools, particularly metagenomic next-generation sequencing (mNGS) and rapid multiplex PCR,
demonstrate superior sensitivity (80.6-95.45%) and faster turnaround times (e.g., roughly 27 hours for mNGS)
compared to culture. They improve pathogen detection in complex infections (e.g., prosthetic joints, necrotizing
soft tissue), guide targeted antibiotic therapy, and can reduce broad-spectrum use. However, major implementation
barriers exist, including high costs, need for specialized infrastructure and expertise, bioinformatic challenges, and
ethical data concerns, which are especially pronounced in LMICs.

Conclusion: Genomic diagnostics offer a powerful approach to accelerate and refine surgical source control in
the era of AMR. Strategic investments in local capacity, affordable platforms, and integration with antimicrobial
stewardship are needed to realize their potential for improving surgical outcomes, particularly in resource-limited
settings.
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Pakistan.® Conventional culture-based diagnostics
remain standard but are slow (48-72 hours) and have
limited sensitivity, particularly in biofilm-associated
or pretreated infections, leading to empirical broad-
spectrum therapy that further drives resistance.*

Surgical ~source control through drainage,
debridement, or device removal is central to managing
complex infections, but its success depends on timely
and accurate microbiological diagnosis to guide surgical
and antimicrobial decisions.® Genomic technologies offer
a shift from phenotype to genotype based diagnostics.
This review evaluates current evidence on the use of
genomic diagnostics to improve surgical source control
in AMR infections, with a focus on clinical applications
and implementation challenges in LMICs such as
Pakistan.

METHODOLOGY

This narrative review synthesizes evidence on the

role of Genomic approaches in the surgical management
of AMR infections. A structured search was conducted
across PubMed, Google Scholar, and ScienceDirect from
January 2015 to October 2025. Search terms combined
concepts related to AMR, surgical infections, genomic
diagnostics using Boolean operators to refine results.
Published studies were included if they involved AMR
related surgical infections (e.g, abscess, necrotizing
soft tissue, prosthetic, or intra-abdominal infections)
and employed genomic tools. Eligible designs included
original research, meta-analyses, and global standard
guidelines. Studies lacking AMR relevance or relying
solely on conventional culture methods were excluded.
Full texts were reviewed and categorized into thematic
domains including Genomic platforms, Clinical
applications in Surgery, Implementation barriers, and
LMIC specific perspectives. A concerted effort was
made to identify studies from Pakistan and the South
Asian region using location specific search terms.
Data were narratively synthesized with emphasis on
diagnostic accuracy, turnaround time, and clinical
applicability. Only peer-reviewed, English language
studies meeting methodological rigor and clinical
relevance were included.
What is AMR? What interventions are used to
control: Antimicrobial resistance (AMR) is a well-
recognized global health issue, often called the “silent
pandemic.” It allows pathogens to survive despite drug
therapy, with overconsumption and improper use of
antimicrobials being key drivers of resistance.® AMR
affects all healthcare disciplines, and post-surgical
infections are particularly vulnerable, as delayed
pathogen identification and resistance to broad-
spectrum antibiotics can lead to sepsis, necrosis, and
poor outcomes.” Molecular mechanisms of resistance,
summarized in Fig.l, complicate management by
facilitating biofilm formation, repeated antibiotic
exposure, and persistence on implants.”®

The global burden of AMR is substantial, with an
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estimated 4.71 million deaths in 2021. The Lancet
projections suggest 822 million deaths by 2050.°
Common resistant pathogens include Staphylococcus
aureus, Klebsiella pneumoniae, Enterococcus species,
Escherichia coli, Acinetobacter baumannii, and Pseudomonas
aeruginosa.® According to WHO’s GLASS report,
median resistance rates reach 42% for third generation
cephalosporin-resistant E. coli and 35% for MRSA, and
trends suggest that these rates will continue to rise
globally.™

Antimicrobial stewardship and rapid molecular

diagnostics improve targeted therapy and limit
unnecessary use " while surgical source control, including
drainage, debridement, and removal of infected material,
reduces resistance risk. Minimally invasive, robot-
assisted surgery and machine-learning based infection
risk prediction® further decrease post-surgical outcomes
and improve recovery. Despite these advancements,
challenging bloodstream and implant infections require
a precision surgery approach that integrates genomic
diagnostics, stewardship, and source control.
Surgical Source Control: Rationale and Indications:
Surgical source control (SC) is essential to treat
critical infections by eliminating the source, limiting
contamination, and promoting recovery.” The need
for surgical control is even more essential with AMR,
as many infections no longer respond to standard
antibiotics.”® In such cases, control depends on surgical
drainage, debridement, or device removal.

Some infections demand surgical attention. Abscesses
often cannot be treated with antibiotics and must be
drained. Necrotizing soft tissue infections (NSTIs)
disseminate rapidly, and early identification and surgical
debridement are key to survival. In multivariable
models, early source control was associated with a 29%
reduction in risk-adjusted odds of 90-day mortality
and 24% and 34% reductions in in-hospital and 365-
day mortality, respectively.’” Each hour of delay was
associated with increased 90-day mortality.”

While traditional surgical assessment remains essential,

small, deep seated infections can be missed. Advanced
Genomic diagnostics help detect hidden infections, guide
interventions, and reduce recurrence.
Genomics for microbial diagnosis in surgical infections:
Accurateidentification of pathogensis crucial inmanaging
surgical infections, guiding both operative decisions and
antimicrobial therapy. Conventional diagnostic tools
such as culture and Gram staining remain the foundation
of clinical microbiology, but are slow, less reliable, and
fail to detect fastidious or biofilm-associated organisms.
Therefore, delaying intervention when it's most needed.

Advances in microbial genomics have introduced
faster, high-resolution alternatives. Whole genome
sequencing (WGS), in particular, has played an important
role in the investigation of surgical site infections and
hospital outbreaks, helping trace transmission pathways
and distinguish relapse of infection from a new onset.
WGS of cultured isolates provides the highest resolution
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Fig.1: Mechanisms of antibiotic resistance (schematic illustration).

for bacterial typing, outbreak investigation, and detailed
resistance gene detection. In surgical settings, it is
invaluable for tracing transmission of resistant pathogens
within hospitals, distinguishing between relapse and re-
infection, and understanding the molecular epidemiology
of surgical site infections.!® While primarily a reference
and research tool, decreasing costs are making WGS more
feasible for routine surveillance in high-resource settings.

Metagenomic next-generation sequencing (mNGS)
bypasses culture altogether by directly sequencing
microbial DNA or RNA from clinical material.”
This is particularly valuable for infections involving
complex microbial communities or biofilm-forming
organisms, as seen in prosthetic joint infections and
chronic osteomyelitis *® as it can detect pathogens
even in culture-negative cases, leading to meaningful
adjustments in therapy. This technique has also clarified
the highly polymicrobial nature of necrotizing soft tissue
infections, often underestimated when using standard
culture methods.” Beyond pathogen detection, genomic
technologies are increasingly being used to characterize
the host immune response. Transcriptomic signatures,
for example, may help clinicians differentiate bacterial
infection from sterile postoperative inflammation or
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viral sepsis, a distinction that is notoriously difficult
in the early postoperative period when inflammatory
markers are nonspecific®® These approaches could
reduce unwarranted antimicrobial use and better guide
decisions regarding re-intervention.

Rapid multiplex PCR platforms now offer another
clinically accessible modality. BioFire assays are routinely
used for the rapid identification of bloodstream pathogens
and for evaluating ventilator-associated pneumonia in
critical care and postoperative settings. > Several studies
report higher organism detection rates than standard
culture, suggesting a role in refining targeted therapy for
pneumonia.” Unyvero testing provides semi-quantitative
results that correlate well with culture and remain reliable
even when antibiotics have already been administered.”
Importantly, it performs strongly in detecting resistance
markers, including those associated with carbapenem-
resistant Klebsiella pneumoniae, thereby informing more
appropriate antimicrobial choices such as ceftazidime
and avibactam.

More recently, portable sequencing technologies
have begun to move genomic diagnostics closer to the
point of care. Real-time nanopore sequencing using the
Oxford Nanopore MinlON has demonstrated accurate
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Table-I: Table comprising of the Genomic Tools.

with decreasing costs.*®

Technology Key Feature(s) Application in Surgical Infections
. . . . * Tracing transmission of resistant pathogens
* Highest resolution for bacterial typing, o .
] o ] within hospitals.!®
outbreak investigation, and resistance o o
1) Whole Genome . * Distinguishing between relapse and re-
] gene detection.' . )
Sequencing (WGS) infection.

* Primarily a reference/research tool,

* Understanding molecular epidemiology of

surgical site infections.

2) Metagenomic

Next-Generation material.””

* Bypasses culture by directly sequencing
microbial DNA/RNA from clinical

* Infections involving complex microbial
communities or biofilm-forming organisms
(e.g. prosthetic joint infections, chronic

osteomyelitis). 181

markers.?

Sequencing (mNGS) * Detects pathogens in culture-negative O . .
L * Clarifying the polymicrobial nature of
cases and complex communities. e ) ] )
necrotizing soft tissue infections. »
* Offers rapid, clinically accessible o L
) o * Rapid identification of bloodstream
identification.
. . . ) ) pathogens.?
3) Rapid Multiplex * Higher organism detection rates than . . . .
o ) . * Evaluating ventilator-associated pneumonia
PCR (BioFire, standard culture in some studies. % . o . ]
. . in critical care/postoperative se’ctnrlgs.23
Unyvero) * Reliable even after antibiotic

administration; detects specific resistance

* Informing antimicrobial choices (e.g. for

carbapenem-resistant Klebsiella pneumoniae).

. the point of care.
4) Portable Sequencing

(Oxford Nanopore)

decision support.”

* Enables real-time sequencing closer to

* Provides proof of feasibility for rapid

intraoperative or near-intraoperative

* Accurate profiling of microbial communities
in samples (e.g. from prosthetic joint
infection).”

* Faster organism identification for earlier

targeted therapy.

5) CRISPR-Based
Diagnostics
(SHERLOCK,
DETECTR)

detection. 2%

* Provides rapid, inexpensive nucleic acid | ® Represents a promising avenue for timely

microbial diagnosis in surgical environments.

profiling of microbial communities in prosthetic joint
infection samples, establishing proof of feasibility for
rapid intraoperative or near-intraoperative decision
support.?* Faster organism identification may enable
earlier initiation of targeted antimicrobial therapy and
improve clinical outcomes. Alongside this, CRISPR-based
diagnostic systems such as SHERLOCK and DETECTR
provide rapid, inexpensive nucleic acid detection and
represent a further promising avenue for timely microbial
diagnosis in surgical environments.??

Clinical applications and impact on surgical source
control: Genomic tools like metagenomic next-
generation sequencing have proved to be better than
conventional methods. Studies found that mNGS has
good diagnostic value for detecting joint infection
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pathogenic microorganisms. The sensitivity ranges from
80.6% to 95.45%, and the specificity ranges from 84.6% to
90.91%, which was significantly better than conventional
culture”® Another 2024 study comparing mNGS
and culture in 368 infection cases found that 33.42% of
samples were mNGS-positive but culture-negative,
whereas only 1.6% were culture-positive but mNGS-
negative. The overall overlap between mNGS and culture
was low (x = 0.234), indicating the superior sensitivity of
mNGS for pathogen detection compared to conventional
culture methods.” Beyond accuracy, genomic tools have
also proven valuable in reducing turnaround time,
mortality rate, hospital stay and patient recovery. A 2017
study showed that the time to positivity was 12-48 h for
blood culture, and pathogen identification often took five
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to seven days in the clinical setting. Whereas in a 2023
study it showed, the average report time of mNGS was
27.0 (26.0, 29.0) h. Compared with blood culture, mNGS
not only exhibited quick detection speed, but also could
detect multiple pathogens, including bacteria, fungi, and
viruses.**! Research based on intra-abdominal infection
with sepsis compared mNGS with traditional culture
methods, indicating that rapid identification of pathogens
through mNGS enabled appropriate adjustments, leading
to decreased use and shorter duration of broad-spectrum
antibiotics, improved prognosis, and a potential decrease
in hospital stay and treatment burden.*

Challenges and implementation barriers: Although
advanced genomic techniques have contributed to
becoming a major part in the diagnosis and management
of AMR infections, their translation into real world
clinical practice remains limited. Certain challenges and
barriers are present that don’t allow widespread adoption
of these techniques, preventing them from being fully
available in all sectors of healthcare. Discussing these
issues, some of the major problems concerning genomic
tools in healthcare settings are that there is not enough
present state of knowledge, as metagenomics is not
always well-positioned to assist clinicians in rapid clinical
decision-making due to the expertise required for sample
preparation, sequencing, bioinformatic analysis, and the
high variability in methodologies and interpretation.®
Another limitation is determining the accuracy of
pathogen identification. For example, incomplete
databases, mis-annotated sequences, databases
containing contaminating organisms, bias in databases,
and misclassification of organisms all affect the actual
determination of the pathogen after sequencing.** Cost
and Infrastructure are also barriers in low and middle-
income countries, where reduced sequencing capacity,
maintenance costs, and unskilled workers are major
contributors.” Additionally, ethical, regulatory, and
privacy concerns present significant implementation
barriers.” In surgical decision-making, when rapid
identification of the pathogen may guide antimicrobial
therapy, maintaining confidentiality is a major concern.
7 Genomic data needs to be processed through high
databases to decrease the risk of breaches and misuse.
Many studies have been conducted to safeguard
genomic data analysis tasks in secure outsourcing using
Homomorphic Encryption (HME).**” However, HME
and related methods are not yet integrated into large-
scale clinical workflow, making genomic data protection
a challenge.

Future directions: Future advances in genomics guided
surgical source control for AMR infections will depend
on making these technologies practical and accessible,
particularly in resource-limited settings such as
Pakistan. Hospital based metagenomic and genomic
surveillance in Pakistan has demonstrated the ability to
identify resistance genes and track multidrug-resistant
organisms, highlighting the feasibility of genomics
for infection control in surgical environments.® There
is a high need for prospective clinical trials in LMIC,
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especially Pakistan, to evaluate genomics guided surgical
interventions, especially for high-mortality conditions
such as necrotizing soft tissue infections, intra-abdominal
sepsis, and prosthetic related infections, where delayed
or inadequate source control has a direct impact
on survival. Future research should assess whether
genomics guided decision making can facilitate earlier
source control, reduce unnecessary antibiotic use, and
enhance postoperative outcomes.

CONCLUSION

Antimicrobial resistance is an increasing threat to
surgical care, driven in part by delays and limitations
of conventional diagnostics. Genomic tools offer faster
and more accurate pathogen and resistance detection,
supporting timely surgical source control and targeted
antimicrobial therapy, particularly in complex infections.
Although major barriers to implementation remain
especially in LMICs such as Pakistan, strategic investment,
local research, and integration with stewardship
programs could enable genomics to play a pivotal role in
improving surgical outcomes and combating AMR.
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