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Beyond the bench
How artificial intelligence is redefining respiratory
pathogen diagnostics in the clinical laboratory

By Stephen Bishop, MBA, MS, CLS, MLS(ASCP)™, CPHQ

both a persistent and significant
global health burden, necessi-
tating accurate and timely diagnostic
capabilities for effective patient man-
agement, public health interventions,
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1. Discuss the utility for the advancement of respiratory pathogen diagnosis.
2. Discuss timelines of respiratory illnesses and the development of laboratory

testing with each.

3. Define the limitations of antigen testing in the identification of respiratory

pathogens.

4. Describe the different subsets of Al and each of their purposes in the use of

respiratory pathogens identification.
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increased sensitivity, specificity, and
speed in identifying causative agents.?
This continuous evolution underscores
the pivotal role of clinical diagnostics
in mitigating the impact of respiratory
illnesses.

Artificial intelligence (AI) now
emerges as the next frontier in the evolu-
tion of respiratory pathogen testing. It
offers groundbreaking computational
abilities to enhance diagnostic speed,
improved accuracy, and dramatically
reduced turnaround times. This signi-
fies that Al is not merely an incremental
improvement but a foundational ad-
vancement capable of bridging critical
diagnostic gaps, leading to more proac-
tive, precise clinical decision-making,
and ultimately, better patient outcomes
and reduced healthcare burdens.

Historical review of respiratory
pathogen identification

Initial methods for respiratory illness
identification relied solely on physical
findings and symptoms. The Greek
physician Gelan, in the first century,
described symptoms of TB (tuberculosis)
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1882

Gram stain invented

Allowed for rapid differentiation of bacteria (Gram-positive/negative), guiding early
empiric antibiotic selection.

Late 1800s - 1970s

Culture and microscopy

Foundation of microbiology; isolation of infective pathogens, though slow
(days to weeks for results).

1940s Viral cultures "Gold standard" for viral infection diagnosis, but labor-intensive and slow.

1960s Direct fluorescent antibody (DFA) tests | Early antigen detection method for viral respiratory pathogens.

1980s Rapid antigen tests First rapid bacterial antigen tests, setting a precedent for quick diagnostics.

1985 PCR invented Revolutionary molecular technique enabling rapid amplification of DNA/RNA, lead-
ing to highly sensitive and specific detection.

1990s RIDTs become commonplace Popular due to testing speed and ease of use, but lower sensitivity.

1991 RT-PCR for influenza detection Single-target PCR used for a respiratory pathogen.

2009 HIN1 pandemic Catalyst for PCR use in clinical labs to detect viral respiratory pathogens.

2010s Rapid flu/RSV antigen tests Routine use for flu/RSV detection. Overall quality for antigen tests improved, still less
sensitive than PCR.

2020 COVID-19 Pandemic Unprecidented development of PCR and antigen-based tests; multiplex PCR

becomes commonplace

Present-Future Al-enhanced molecular assays

Al integration into respiratory pathogen diagnostics for assay optimization and
outbreak forecasting.

Table 1. General timeline of detecting respiratory pathogens in the clinical laboratory.

as night sweats, fever, and hemoptysis.’ From the mid-1800s,
microbiology testing relied heavily on microscopy and
cultures.* Hans Christian Gram’s invention of the Gram
stain led to significant breakthroughs in identification and
classification of bacteria.’? But even then, it was not until
the 1940s that Influenza cultures, using mammalian cells
and or embryonated eggs, became the “gold standard” for
identifying the virus.

Nearly a half century later, in 1985, Kary Mullis invented the
polymerase chain reaction (PCR), ultimately leading to signifi-
cant strides in the ability to identify respiratory pathogens. For
Influenza, specifically, the advent of reverse transcriptase (RT)
PCR in 1991 facilitated the detection of the virus.” Although
RT-PCR was available and in use during the 1990s and 2000s,
it was not routinely used to detect respiratory pathogens.
Influenza and other respiratory pathogens were primarily
identified using several methods, including enzyme-linked
immunosorbent assay (ELISA), immunochromatographic tests
(RIDT), direct fluorescent antibody tests (DFA), and various
types of cultures.® In 2009 during the Influenza A (HIN1)
Pandemic, single target PCR became the principal method
for identifying respiratory pathogens in clinical laboratories.®
The HIN1 pandemic shifted the paradigm for molecular
diagnostics, acting as a catalyst for clinical laboratories to
adopt new technologies to better respond to the needs of
their communities.

A little more than a decade later, the COVID-19 pandemic
further accelerated the adoption of PCR for respiratory patho-
gen detection. Several US manufacturers gained Emergency
Use Authorization (EUA) from the Food and Drug Administra-
tion (FDA) in 2020 for multiplex PCR tests that could detect
multiple targets in a single assay, including SARS-CoV-2.
The COVID-19 pandemic demonstrated how rapidly new
molecular tests, especially multiplex assays, could be devel-
oped and integrated into clinical practice and with a high
demand, comprehensive molecular tests became routine.
Furthermore, the COVID-19 pandemic solidified the use of
multiplex PCR as a common diagnostic tool, as opposed to
earlier PCR assays with single targets.
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While PCR was established as the new “gold standard”
for respiratory pathogen identification, antigen tests also
rose to prominence due to their simplicity and speed. These
tests allow for the rapid identification (10-15 minutes) of the
target virus, leading to quick clinical decision making. They
are especially valuable during the flu and RSV (Respiratory
Syncytial Virus) seasons due to their prevalent availability and
ease of use. Additionally, antigen tests are significantly less

Regardless of their limitations,
antigen tests still have valuable
clinical utility and should be
complimentary to molecular methods.

expensive than their PCR counterparts and have less regula-
tory burden, since most tests are CLIA (Clinical Laboratory
Improvement Amendments) waived.

However, antigen tests have natural limitations when
compared to molecular diagnostic methods. Lower levels of
sensitivity make these tests less useful when patients do not
display symptoms or when the viral load is below detection.
For example, during the COVID-19 pandemic, the Centers for
Disease Control and Prevention (CDC) recommended that
repeat testing of antigen tests for SARS-CoV-2 be performed
to increase diagnostic confidence because a single test could
not definitively rule out an infection. Additionally, antigen
tests are affected by illness onset time (when viral loads are
typically peaking), specimen quality, and the prevalence of
the target pathogen in the population.® Regardless of their
limitations, antigen tests still have valuable clinical utility
and should be complimentary to molecular methods. See
Table 1 for a summary of the timeline.

The field of respiratory pathogen diagnostics continues to
rapidly evolve. Current efforts focus on further decreasing
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Machine Learning | Identifies rules and patterns in
data without explicit programming;
algorithms autonomously discover

governing principles.

Discerning complex patterns in data. o

Predicting PCR success/failure

e Optimizing PCR reagents (primers,
probes, etc.)

e Predicting the impact of mismatches

¢ Improving DNA/RNA profiling quality

Deep Learning Advanced ML using multi-layered Al
architectures to interpret raw digital

images; manages “big data.”

Interpreting complex datasets (e.g.,
genomic sequencing, mass spectrom-
etry); constructing predictive models.

¢ Accelerating RT-PCR diagnosis
* Enhanced Multiplex PCR Accuracy
¢ "Smart PCR” Thermocyclers

Natural Language
Processing (NLP)

Analyzing unstructured textual data
(e.g., clinical notes); transforming
free text into structured information.

Extracting crucial clinical features;
disease classification; creating coherent
patient histories from voice input;
highlighting significant medical points.

* Analyzing PCR requests, taking certain
details into account
¢ Automating result interpretation

Table 2. Major subsets of artificial intelligence with applications in respiratory pathogen identification.

turnaround times, expanding the use of less invasive sample
types (self-collected nasal swabs), and improving diagnostic
stewardship to ensure appropriate test utilization.”” Future
developments are likely to include the emergence of new
drugs effective against a broader range of respiratory viruses,
which will further justify and necessitate the extensive use
of highly sensitive and specific multiplex assays to guide
targeted therapies.”

The new frontier
A future development that lies beyond the bench is the inte-
gration of artificial intelligence into major segments of respira-
tory pathogen detection. Al is an encompassing technology
with powerful subsets that transform how data is analyzed to
solve complex problems. Among
these, machine learning (ML),
deep learning (DL), and natural
language processing (NLP) stand
out for their distinct capabilities
and extensive application in re-
spiratory pathogen diagnostics.
While ML forms the foundational
subset of Al focused on learning
from data, DL represents a more
advanced form utilizing multi-
layered neural networks. NLP, on
the other hand, empowers Al to
understand and process human
language.”? A summary of the
subsets of Alis shown in Table 2.
Machine learning is one of
the foundational subsets in the
Al diaspora. It involves the cre-
ation and design of algorithms
that learn from the data it ana-
lyzes. Learning is then used to
automatically identify patterns
and forecast outcomes while
removing (or minimizing) human manipulation. In terms
of respiratory pathogen diagnostics, machine learning can
be effectively leveraged to predict primer specificity and sen-
sitivity, and to optimize primer design. For example, ML can
study various factors known to influence primer performance,
including primer sequence, length of the primers, melting
temperatures (Tm), and concentrations. By learning from
datasets of successful and unsuccessful PCR reactions, ML
models can distinguish complex relationships between these
parameters and the outcome of the assay.”
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Deep learning, a separate branch of Al that builds on ML,
uses layers of neural network architecture to solve more
complex and abstract problems. It does so by autonomously
learning which combination of neural networks provide
optimal solutions. DL offers a significant solution to accel-
erate RT-PCR diagnosis by applying neural networks that
can predict results with a high degree of confidence. This
capability is particularly useful for urgent diagnoses, where
results are critical for efficient patient management and ideal
allocation of hospital resources. The acceleration of RT-PCR
diagnosis through deep learning has direct and significant
clinical implications, especially during pandemics. By enabling
an earlier prediction of results, it optimizes the utilization
of critical healthcare resources (e.g., isolation rooms) and

facilitates faster public health responses, demonstrating Al’s
capacity to enhance operational efficiency in high-pressure
situations.™

A more specialized subset of Al that specializes in under-
standing human language is natural language processing.
The major capability of NLP is taking unstructured data, such
as text, notes, voice transcription, and other written forms
of data, and converting it into structured data. NLP utilizes
both ML and DL models to accomplish the transformation of
unstructured data into structured data, which can be used to
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further enhance the ML and DL models
it used (unsupervised, autonomous
learning)."” An example of NLP advanc-
ing respiratory diagnostics would be
the ability to link aspects of a patient’s
electronic health record (EHR), such as
history, physician notes, medical codes,
and medications, into coherent and
comprehensive summaries that can
better inform a physician about which
tests could be of value to the patient.
NLP can reduce administrative cognition, allowing for more
time to be spent on higher value tasks and reducing the time
needed to make clinical decisions.”

Additionally, NLP can automate the interpretation of
pathology and laboratory reports that are associated with
PCR assays, including those used in respiratory pathogen
detection. NLP models can easily analyze textual pathology
reports that often accompany PCR (and other molecular
methods), allowing for rapid identification of key findings,
such as identified pathogens, mutations, insertions, dele-
tions, etc.”” By automating these processes, manual review
of the reports is minimized while essential information is
communicated quickly.

Scan code to go
directly to the CE test.

Machine learning is one of the
foundational subsets in the Al
diaspora. It involves the creation and
design of algorithms that learn from
the data it analyzes.

Due to its unmatched capabilities, Al is poised to be a
pivotal advancement, bridging critical diagnostic gaps that
currently contribute to inappropriate treatment, suboptimal
patient outcomes, and increased healthcare costs.This devel-
opment suggests a profound paradigm shift from reactive,
and often delayed, diagnostic processes to more proactive,
precise clinical decision-making. By delivering earlier and
more accurate insights, clinical laboratories can leverage Al
in respiratory pathogen detection for timely interventions,
potentially preventing disease progression while alleviating
administrative burdens on healthcare systems."

Concluding remarks
The trajectory of respiratory pathogen detection has signifi-
cantly evolved from culture-based methods and stains to rapid
antigen-based tests and progressively sophisticated molecular
techniques. The advent of multiplex PCR further advanced
respiratory pathogen detection by allowing for simultaneous
identification of multiple pathogens from a single sample.
This greatly improved efficiency and diagnostic utility. At the
same time, antigen testing provides accessible, rapid, and
often point-of-care solutions, crucial for quick screening and
initial management, particularly during outbreaks.
Looking forward, artificial intelligence is poised to further
transform respiratory pathogen detection, with clinical labo-
ratories playing a pivotal role in leveraging Al to enhance
diagnostic accuracy, optimize assay development, improve
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documentation, and facilitate early detection of emerging
pathogens. Its successful integration will depend heavily on
collaborative, interdisciplinary approaches that prioritize
ethical considerations, robust validation, and continuous
adaptation, ensuring that Al serves as a powerful ally in the
ongoing fight against respiratory pathogens. &
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