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Abstract 

Infectious disease diagnosis remains central to clinical care, but current methods still have important 

limits. Clinical symptoms are often nonspecific, culture-based methods can be slow, serology 

depends on timing, and molecular tests may detect microbial material without always proving active 

disease. This review examines novel assays and biomarkers in infectious disease detection from a 

clinical perspective. It summarizes major diagnostic platforms, including advanced nucleic acid tests, 

syndromic panels, metagenomic sequencing, serological and antigen assays, point-of-care platforms, 

biosensors, and multi-omics approaches, and reviews pathogen-derived, host-response, and 

combined biomarker classes. It discusses how these tools can support diagnosis, prognosis, disease 

staging, therapeutic monitoring, and cure assessment. A central message is that analytical novelty 

alone is not enough: new assays must be accurate, timely, interpretable, and able to change patient 

management in real practice. Clinical symptoms and the physicians awareness of these remain critical 

along with the correct biomarkers. Translation is often limited by imperfect reference standards, 

limited external validation, poor standardization, workflow barriers, cost, and unequal access. Future 

priorities include stronger validation, simpler and standardized workflows, wider access through 

home (OTC) use, and better biomarkers for treatment response, cure, and relapse prediction. 

Keywords: infectious diseases; diagnostics; biomarkers; nucleic acid amplification tests; 

metagenomic sequencing; point-of-care testing; therapeutic monitoring 

 

1. Introduction 

Infectious disease diagnosis remains one of the most important parts of clinical care [24,294] 

because treatment decisions, infection control [24], and public health [119] action all depend on timely 

and reliable test results [24,294]. In practice, however, diagnosis is rarely simple [1,2]. Clinical 

symptoms are often nonspecific [2], culture-based methods can be slow [24], serology depends 

heavily on the timing of the immune response [4], and molecular tests may detect microbial material 

without always proving active disease [7,213]. These limits show why infectious disease diagnostics 

still need major improvement [119,294]. 

The role of diagnostics has also become broader. Today, clinicians need more than a simple 

answer to the question of whether a pathogen is present. They also need tests that help identify the 

likely cause of illness [24], distinguish infectious from noninfectious inflammation [19], estimate 

severity and stage, follow treatment response, and assess cure or relapse risk [11,24]. This wider 

clinical role has increased interest in biomarkers from three main groups: pathogen-derived markers 

[12], host-response markers [15,17], and combined multi-marker signatures [11,20]. These approaches 

are especially valuable when direct pathogen detection is negative, delayed, or difficult to interpret 

[15,19,24]. 
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At the same time, the field is changing quickly [79,88,165]. Real-time and multiplex PCR [41,51], 

digital PCR [56], isothermal amplification [59], CRISPR-based assays [73], syndromic panels [79], 

metagenomic sequencing[88], improved antigen and antibody tests[108,109], point-of-care platforms 

[119,125], biosensors [136], and multi-omics approaches [165,166] are expanding what can be detected 

[79,88,166] and how fast results can be delivered [41,51,119]. Many of these tools offer clear 

advantages [79,88], but they also create new interpretation challenges [79,88]. A test that is 

analytically impressive is not automatically clinically useful [79,88], especially when colonization 

[79], contamination [79,88], residual nucleic acid [88], or host heterogeneity [17] can affect the result. 

Common microorganisms that are frequently carried by healthy individuals and may therefore be 

detected by molecular assays despite the absence of active infection are summarized in Table 1. 

Table 1. Opportunistic pathogens commonly carried by healthy individuals that may confound molecular 

diagnostic tests. 

Body Site Potential Pathogen 
Associated 

Infections 

Healthy Population 

Carriage 
Reference 

Skin 
Staphylococcus 

aureus 

Minor skin 

infections to severe 

disease including 

sepsis 

20–60% carriers in healthy 

individuals 
[319] 

Skin Candida spp. 

Cutaneous 

infections, 

vulvovaginal 

candidiasis, 

bloodstream 

infections 

30–40% oral carriage in 

healthy adults 
[320] 

Skin 
Streptococcus 

pyogenes 

Pharyngitis; 

rheumatic fever 

15–20% asymptomatic oral 

carriage 
[321] 

Oral cavity 
Streptococcus 

mutans 
Dental caries 

40–80% carriage in healthy 

adults 
[322] 

Oral cavity 
Actinomyces 

israelii 

Abscesses and 

actinomycosis 

~90% carriage in healthy 

children 
[323] 

Oral cavity Fusobacterium spp. 

Periodontitis and 

other systemic 

infections 

37–86% carriage in healthy 

individuals 
[324] 

Upper respiratory 
Haemophilus 

influenzae 

Meningitis, 

pneumonia 

4–35% carriage in healthy 

adults 
[325] 

Upper respiratory 
Neisseria 

meningitidis 
Meningitis 

5–25% asymptomatic 

carriage 
[326] 

Upper respiratory 
Streptococcus 

pneumoniae 

Pneumonia and 

invasive 

pneumococcal 

disease 

5–90% carriage depending 

on age 
[327] 

Upper respiratory 
Legionella 

pneumophila 

Legionnaires’ 

disease 

(pneumonia) 

Low carriage; 10–40% 

seropositivity 
[328] 

Gastrointestinal 
Klebsiella 

pneumoniae 

Pneumonia and 

opportunistic 

infections 

5–38% stool carriage in 

healthy individuals 
[329] 

Gastrointestinal 
Clostridioides 

difficile 
Diarrhea and colitis 

7–15% asymptomatic 

carriage 
[330] 

Gastrointestinal Rabies virus Fatal CNS infection No healthy carriage [331] 
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Urogenital 

Streptococcus 

agalactiae (Group B 

Streptococcus) 

Neonatal invasive 

infections 
15–30% carriage in adults [332] 

Urogenital 
Gardnerella 

vaginalis 
Bacterial vaginosis 

26–50% carriage in healthy 

women 
[333] 

Urogenital 
Chlamydia 

trachomatis 

Urogenital 

infections; pelvic 

inflammatory 

disease 

Often asymptomatic (≈70–

80% women; ≈50% men) 
[334] 

For this reason, the central issue is not only innovation, but clinical usefulness [24,295]. New 

assays and biomarkers must be shown to work in the right patients, with the right specimens, and 

for the right clinical question [295]. Their value can be weakened by imperfect reference standards 

[285,286], limited external validation [292], poor standardization [292,295], workflow barriers 

[24,293], cost, infrastructure needs [292–294], and unequal access across settings [294,297]. In 

infectious diseases, the best diagnostic advances are therefore those that provide results that are 

accurate, timely, interpretable, and able to change patient management in real practice [24,119]. This 

review examines novel assays and biomarkers in infectious disease detection from that clinical 

perspective. It summarizes major diagnostic platforms, reviews key biomarker classes, and discusses 

how these tools can support diagnosis, prognosis, disease staging, therapeutic monitoring, and cure 

assessment. It also highlights the analytical [295], translational [24,292], and implementation 

[24,293,294] challenges that will shape the next phase of progress in the field [24,292–294]. 

2. Conceptual Framework for Infectious Disease Detection 

2.1. Direct Versus Indirect Diagnostics 

Infectious diseases can be diagnosed in two main ways: by finding the pathogen (or parts of it) 

in patient samples, or by finding the host response to that pathogen [1]. In real practice, diagnosis 

usually uses a mix of clinical findings plus lab tests, because symptoms alone are often not specific 

[2]. 

2.1.1. Direct Detection (Pathogen Nucleic Acids, Antigens, Toxins, Metabolites) 

Direct detection means the test looks for the pathogen itself or something the pathogen makes 

[1]. This includes pathogen nucleic acids (DNA/RNA), antigens (pathogen proteins or 

polysaccharides) [1,2], toxins, and metabolites. Nucleic acid tests (NAATs) detect pathogen genetic 

material, most often using PCR-based methods. A key advantage is that NAATs can be fast and 

sensitive and do not require the organism to be alive (unlike culture). A key limitation is that NAAT 

results can be affected by contamination and by how well the assay is designed and controlled, so 

quality control is important [3]. Antigen tests detect pathogen structural components [4], and they 

are often built as rapid immunoassays [4,8]. A common advantage is speed and simplicity, especially 

for near-patient testing [8]. A strong example is cryptococcal antigen lateral flow testing, which has 

been validated across sites for diagnosing cryptococcal meningitis [10]. Toxin tests look for disease-

causing toxins, which can be important because the presence of a toxigenic organism (or its DNA) is 

not always the same thing as active toxin-mediated disease. For Clostridioides difficile, guidelines 

describe diagnostic approaches that consider symptoms together with tests that detect toxin or 

toxigenic organisms, because interpretation matters [7]. Metabolite-based detection uses small 

molecules or volatile organic compounds (VOCs) that may come from the pathogen, the host 

response, or both. VOC/metabolite testing is promising as a noninvasive approach in some settings, 

but it is still less established than NAAT or antigen testing for most routine infectious disease 

diagnosis [9]. 
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2.1.2. Indirect Detection (Antibodies, Immune Signatures, Host Inflammatory Responses) 

Indirect detection means the test measures the host response to infection rather than the 

pathogen itself [1]. This includes antibodies (serology), broader immune signatures (for example, 

gene-expression patterns), and more general inflammatory responses [4,6]. Serology is the classic 

indirect approach and is often based on detecting pathogen-specific IgM or showing a clear rise in 

pathogen-specific IgG between paired samples [4]. A key limitation is timing, because antibodies 

appear after a “window period,” so very early infection can be missed by antibody tests. Serology 

can be very useful when the pathogen is hard to detect directly or when the direct-detection window 

has passed [4]. Host-response (immune signature) diagnostics aim to classify infection by measuring 

patterns in the host immune response, rather than identifying a specific organism [5,6]. These tests 

are often discussed as an adjunct to pathogen-based testing, especially when pathogen detection is 

slow, negative, or hard to interpret (for example, colonization vs infection) [5,6]. 

In summary, direct tests answer “is the pathogen (or a pathogen product) present [1],” while 

indirect tests answer “is the host responding in a way that fits infection[4,6],” and the best choice 

often depends on sample type and the timing of disease. 

2.2. Biomarker Classes 

A biomarker is a measurable sign that can show a normal process, a disease process, or a 

response to treatment [11]. In infectious diseases, biomarkers can come mainly from the pathogen, 

from the host response, or from both together in one combined score [15,16] 

2.2.1. Pathogen-Derived Biomarkers 

Pathogen-derived biomarkers are molecules that come from the microbe itself or are made 

directly because the microbe is present [12]. Common pathogen-derived biomarker types include 

pathogen DNA or RNA, pathogen proteins (antigens), toxins, and small molecules linked to 

microbial activity [12–14]. A key idea is that these biomarkers aim to give direct evidence that a 

pathogen is present in the sample being tested. In tuberculosis, many candidate biomarkers come 

from Mycobacterium tuberculosis molecules that can be found in patient samples, and these targets 

are being studied for better tests [12]. In fungal infections, antigen biomarkers such as galactomannan 

and beta-D-glucan are widely used, but their accuracy can change with the patient group, sample 

type, and test rules [13]. Small-molecule and metabolic signals can also act as pathogen-related 

biomarkers, because infection changes biochemical activity and can create measurable metabolite 

patterns [14]. Volatile organic compounds (VOCs) are another example of pathogen-linked biomarker 

profiles that may be measured from clinical samples, although routine clinical use is still limited in 

many settings [23] 

2.2.2. Host-Response Biomarkers 

Host-response biomarkers are measurements from the patient that reflect how the immune 

system and the body react to infection [15,16]. These biomarkers can include antibodies, 

inflammatory proteins, immune mediators, and host gene-expression patterns in blood or other 

samples [15–17]. 

Host-response markers can be helpful when pathogen tests are negative, slow, or hard to 

interpret, such as when colonization is possible [15,16]. Host gene-expression signatures are one 

important host-response biomarker type that can help separate bacterial from viral infection patterns 

in some cases [15,17]. A large comparison study showed that many different published gene-

expression signatures exist, and their performance can vary across datasets and clinical groups [17]. 
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2.2.3. Composite and Multi-Marker Signatures 

A composite or multi-marker signature combines more than one biomarker into a single score 

or set of outputs [11,15]. This approach is used because one biomarker alone is often not accurate 

enough for complex infection questions [15,19]. Some composite signatures use host mRNA panels, 

like the 29-mRNA InSep host response test for bacterial and viral infection prediction [18]. Some 

composite signatures use smaller gene sets, like the four-gene SeptiCyte Lab classifier designed to 

help separate sepsis from noninfectious systemic inflammation in critically ill patients [19]. Some 

composite signatures use multiple host proteins, such as a test using TRAIL, IP-10, and CRP to help 

distinguish bacterial from viral respiratory infections in adults [20]. A systematic review and meta-

analysis also evaluated the combined TRAIL, IP-10, and CRP approach (MeMed BV) across multiple 

studies in febrile emergency department patients [21]. Composite signatures can also be based on 

cellular features, such as the IntelliSep cellular host-response test used for rapid sepsis risk 

stratification in the emergency department [22]. Even when composite tests look promising, they still 

need strong validation in the right patient populations and real clinical workflows [15,17] 

2.3. Clinical Questions Addressed by Diagnostics 

Diagnostic tests are used to answer specific clinical questions that guide patient care and public 

health actions [24]. Diagnostic stewardship helps make sure the right test is used for the right patient 

at the right time, so the test result can truly support a decision [25]. The first question is whether the 

patient’s symptoms and test results support that an infection is present. This often needs a 

combination of clinical findings and laboratory evidence, because no single test is perfect in every 

setting [24]. Good diagnostic studies report sensitivity, specificity, and the reference standard clearly, 

so we can trust how well a test answers “infection present” [26]. Diagnostic stewardship also reduces 

testing in patients with very low pretest probability, which can lower false positive results and 

confusion [25]. The next question is which pathogen is causing the illness, because that can change 

treatment and infection control [24]. Syndromic molecular panels can rapidly detect many pathogens 

at once and can support faster decisions when used correctly [27]. Expert guidance stresses that rapid 

multiplex panels can help in critically ill patients but results still need careful clinical interpretation 

to avoid overcalling colonizers or contaminants [33]. Metagenomic next-generation sequencing can 

detect a broad range of organisms without a prior target list, which can help when routine tests are 

negative or incomplete [34]. A randomized trial in community-acquired pneumonia showed that 

syndromic molecular testing increased pathogen-directed treatment and shortened the time to 

targeted therapy compared with standard care [32]. Diagnostics are also used to estimate how severe 

the infection is and whether organ damage is happening [24]. In sepsis, severity is linked to organ 

dysfunction, and Sepsis-3 provides a widely used framework using SOFA-based organ dysfunction 

to define sepsis and identify higher-risk patients [28]. For chronic viral infections, laboratory markers 

can reflect disease activity and stage, not only the presence of infection [24]. In HIV care, plasma HIV-

1 RNA (viral load) and CD4 counts are key measurements used to assess disease status and guide 

management over time [29]. Another key question is whether treatment is working, because this 

supports continuation, change, or stopping of therapy [24]. In HIV, viral load is the most important 

indicator of response to antiretroviral therapy, and guidelines give specific timing for monitoring 

[29]. In tuberculosis, repeated microbiology testing during treatment is used to track response, and 

WHO guidance describes how monitoring can differ between drug-susceptible and drug-resistant 

disease [36]. Time to sputum culture conversion has been studied as an early marker linked to 

treatment outcomes in multidrug-resistant tuberculosis cohorts [38]. Biomarkers for treatment 

monitoring are an active research area because faster and more reliable response markers could 

improve care and trials [37]. Diagnostic stewardship studies in pneumonia also show how faster 

pathogen results can support earlier, more targeted therapy decisions in real workflows [32]. Finally, 

clinicians often need to know if cure has been achieved, which usually requires a clear outcome 

definition [31]. For hepatitis C, guidance states that undetectable or unquantifiable HCV RNA 12 

weeks or longer after treatment is an SVR, which is consistent with cure [30]. CDC clinical guidance 
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also notes that hepatitis C can be cured in most cases with direct-acting antivirals, reinforcing cure as 

a realistic endpoint [40]. For tuberculosis, WHO definitions provide standardized outcome 

categories, including “cured” and “treatment completed,” based on bacteriological evidence and 

program reporting rules [31]. The WHO TB Knowledge Sharing Platform summarizes newer 

outcome definitions that allow assigning cure or treatment success at treatment completion while 

noting differences in monitoring methods for DS-TB and DR-TB [35]. For some sexually transmitted 

infections, guidelines include “test-of-cure” in selected situations, showing that cure assessment can 

be condition-specific [39]. 

3. Novel Assay Platforms for Infectious Disease Detection 

3.1. Nucleic Acid-Based Assays 

3.1.1. qPCR and Multiplex PCR 

Quantitative real-time PCR (qPCR) detects and amplifies pathogen DNA or RNA and measures 

the signal during the reaction. qPCR uses fluorescent chemistry so the instrument can read the 

amplification in real time [41,42]. The cycle threshold (Ct) value is the cycle number where the signal 

rises above background, and it is linked to how much target is in the sample. 

qPCR can be used for qualitative results (detected or not detected) and also for quantification 

when standards and controls are used [41,43]. qPCR is widely used because it is fast, sensitive, and 

specific when the assay is well designed [41,42]. qPCR results can be affected by poor sample quality, 

inhibitors in the specimen, and contamination, so controls are essential. Good practice includes 

negative controls, positive controls, and internal controls to check extraction and inhibition [41,43]. 

The MIQE guidelines describe what information should be reported so qPCR results are transparent 

and reproducible [44,45]. Clinical laboratories also follow method validation, quality assurance, and 

result interpretation guidance for infectious disease NAATs [46]. 

Multiplex PCR tests more than one target in the same reaction, so it can detect several pathogens 

or genes at once. Multiplex PCR can save time and sample volume compared with running many 

single-target tests [47]. A common use is respiratory virus testing, where many viruses can cause 

similar symptoms and quick differentiation is helpful [49,50]. Multiplex design is harder than 

singleplex because primers and probes can interact and compete, which can reduce sensitivity for 

some targets. Multiplex assays also need careful optimization to avoid cross-reactivity and to keep 

each target working well [47]. Because multiplex tests are complex, strong analytical validation and 

ongoing quality control are important [48]. Evidence summaries show that commercial multiplex 

PCR systems for respiratory viruses are generally accurate for viral detection [49]. 

Clinical evaluation studies also show that multiplex real-time PCR can detect more respiratory 

viruses than some older methods in real practice [50]. A systematic review and meta-analysis found 

that rapid sample-to-answer multiplex PCR can reduce time to results and may improve clinical 

process outcomes in hospitalized patients [51]. 

3.1.2. Digital PCR (dPCR) 

Digital PCR (dPCR) is a PCR method where the sample is split into many small reactions before 

amplification [52,55]. After PCR, each small reaction is read as positive or negative, and the total 

pattern is used to estimate how many target copies were in the original sample [52,55]. This makes 

dPCR a “counting” method that can give absolute numbers without needing a standard curve 

[52,55,56]. dPCR can be useful when the target level is very low, or when small differences in copy 

number matter. dPCR can also be useful when inhibitors or imperfect PCR efficiency make 

quantification by qPCR harder [55,56]. In infectious diseases, dPCR has been reviewed as a tool for 

viral, bacterial, and parasitic diagnosis, including situations where high sensitivity and accurate 

quantification are needed [56]. dPCR needs careful design and reporting, and the digital MIQE 

guidelines describe what should be included so results can be checked and repeated [53,54]. The term 
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“digital PCR” became widely known after the 1999 paper by Vogelstein and Kinzler, and later 

reviews describe how the method developed over time [52,57]. Even with its advantages, dPCR can 

be limited by cost, platform availability, and workflow demands in routine laboratories [55,56]. 

3.1.3. Isothermal Amplification Methods such as LAMP and RPA 

Isothermal amplification methods amplify nucleic acids at one constant temperature, so they do 

not need a thermal cycler [59,64,65]. This can make testing simpler and faster in settings with limited 

equipment [59,64,65]. Loop-mediated isothermal amplification (LAMP) was introduced as a method 

that amplifies DNA under isothermal conditions using specially designed primers and a strand-

displacing polymerase [58,59]. LAMP can produce results quickly and can be read with simple 

detection formats, which supports near-patient or field use in some settings [59,60]. WHO has issued 

policy guidance for TB-LAMP and supports its use in defined ways for pulmonary tuberculosis 

diagnosis [60]. A systematic review and meta-analysis evaluated TB-LAMP accuracy and found it 

can perform better than smear microscopy and can be considered as an alternative in some settings, 

while noting study limitations and heterogeneity [61]. RT-LAMP has also been evaluated for SARS-

CoV-2, including multisite clinical work on extraction-free workflows that aim to simplify sample 

preparation [62]. Like other amplification tests, LAMP can be affected by assay design and 

contamination risk, so controls and good workflow practices are important [59,61]. 

Recombinase polymerase amplification (RPA) is an isothermal method that uses recombination 

proteins and polymerase activity to amplify targets at low and constant temperature [63,64]. 

RPA can be fast and can work with minimal equipment, which supports point-of-care style 

testing concepts [63–65]. Reviews describe RPA as operating around body-like temperatures and 

producing amplification in short time frames for many targets [64,65]. A dedicated review 

summarizes RPA principles, detection formats, and infectious disease applications for pathogen 

detection [66]. Another review discusses RPA for point-of-care diagnosis of neglected tropical 

diseases and highlights use cases in low-resource settings [67]. RPA still faces practical limits such as 

primer and probe design demands and the need for strong validation to avoid nonspecific 

amplification [64,66,67]. 

3.1.4. CRISPR-Based Diagnostics 

CRISPR-based diagnostics use a guide RNA and a CRISPR enzyme to recognize a matching 

DNA or RNA sequence in a sample [73,78]. After the target is recognized, the enzyme can cut reporter 

molecules and create a measurable signal. Many CRISPR diagnostic tests use this “collateral 

cleavage” effect, where the enzyme cuts many reporters after it binds the correct target [68,69,73]. 

Cas13 systems mainly target RNA, and target binding can activate non-specific cutting of nearby 

RNA reporters [68,73]. Cas12 systems mainly target DNA, and target binding can activate non-

specific cutting of nearby single-stranded DNA reporters [69,73]. These collateral reactions allow 

signal amplification at the detection step, which can increase sensitivity [68,69,73]. 

Most CRISPR diagnostic workflows still use a nucleic-acid amplification step before CRISPR 

detection, especially for low viral or bacterial loads.[72–74]. The platform called SHERLOCK showed 

sensitive nucleic-acid detection using Cas13 and isothermal pre-amplification [68,72]. 

Later work added multiplexing and portable readouts by combining Cas enzymes and 

additional signal amplification strategies [70,73]. Field-deployable CRISPR-Cas13 testing was also 

demonstrated for viruses such as Zika and dengue in patient samples [71]. 

CRISPR diagnostics can be read by fluorescence, lateral flow strips, or other simple signal 

formats [72–74]. A detailed step-by-step protocol paper explains how to design guides, set up pre-

amplification, and run Cas12 or Cas13 detection with common readouts [72]. 

During the COVID-19 pandemic, Cas12 and Cas13 assays were clinically validated for SARS-

CoV-2 detection [75,76]. A Cas12-based assay showed rapid detection of SARS-CoV-2 with a lateral 

flow style readout [75]. A Cas13-based SHERLOCK assay was also clinically validated using 
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respiratory swab samples [76]. A one-pot format called STOP simplified the workflow by combining 

steps into a more streamlined assay design [77]. 

Major challenges for CRISPR diagnostics include simple sample preparation, avoiding 

contamination, keeping sensitivity high without complex equipment, and making results easy to 

interpret [73,74,78]. Another challenge is standardization, because performance can change with 

specimen type, extraction method, guide design, and amplification conditions [73,74]. 

Recent reviews emphasize that strong multi-center clinical validation and clear regulatory 

pathways are needed for broad routine use [73,78]. 

3.1.5. Syndromic Molecular Panels 

Syndromic molecular panels are multiplex nucleic-acid tests that look for many pathogens at the 

same time from one sample. They are designed around a clinical syndrome, such as respiratory 

illness, diarrhea, sepsis, or meningitis [79,80]. These panels can shorten the time to pathogen detection 

compared with step-by-step testing [79,83]. They can also increase pathogen detection because they 

include targets that are not always ordered in routine testing [79,80]. Syndromic panels can support 

earlier clinical decisions when the result changes treatment, isolation, or antibiotic use [79,81,82]. The 

clinical value is highest when the test is ordered for the right patient group and the result is acted on 

quickly [81,82,84]. Diagnostic stewardship is important because broad testing can also create 

confusing results when pretest probability is low [81,82]. A common challenge is that panels may 

detect organisms that are colonizers, remnants of past infection, or contaminants rather than the true 

cause of disease [79,81]. Panels can also detect multiple organisms in the same sample, and the 

clinician must decide which one is clinically important [79,80]. False positive and false negative 

results can still occur, so results should be interpreted with the clinical picture and other lab data 

[79,86]. Some targets have lower sensitivity than others because multiplexing can reduce performance 

for specific organisms. Respiratory syndromic PCR panels are widely used for viruses and sometimes 

bacteria [79,80]. A systematic review and meta-analysis found that rapid multiplex respiratory testing 

reduces time to results and can improve some clinical process measures [83]. Bloodstream infection 

testing often uses rapid molecular methods on positive blood culture material or as panel approaches 

paired with stewardship support [79,84]. A meta-analysis found that rapid molecular diagnostics for 

bloodstream infections can improve outcomes, especially when combined with antimicrobial 

stewardship interventions [84]. Gastrointestinal panels can rapidly detect many enteric pathogens 

from stool samples [79,85]. 

Studies show that GI panel implementation can change healthcare use and prescribing patterns, 

but careful ordering is needed to avoid unnecessary testing [81,85]. Decision support tools can reduce 

inappropriate GI panel ordering and improve stewardship outcomes [82,87]. Central nervous system 

panels, such as meningitis/encephalitis panels, can provide rapid etiologic results from cerebrospinal 

fluid [79,86]. A diagnostic accuracy meta-analysis found good overall performance for the ME panel, 

but it also highlighted risks of false positives and false negatives that can change management [86]. 

In summary, syndromic panels can be very useful when they are targeted to the right patients and 

paired with stewardship and clear interpretation rules [79,81,82]. 

They should be used as part of a diagnostic strategy, not as a stand-alone answer to every 

question [81,82]. 

3.1.6. Next-Generation Sequencing and Metagenomic Diagnostics 

Next-generation sequencing (NGS) reads many DNA or RNA fragments in parallel and 

produces large amounts of sequence data from a sample [88,89]. In infectious disease testing, NGS 

can be used as targeted sequencing, whole-genome sequencing of an isolate, or metagenomic 

sequencing directly from a clinical specimen [99]. Metagenomic next-generation sequencing (mNGS) 

is an “agnostic” approach because it does not start with one assumed pathogen target [88,89]. 

mNGS can detect bacteria, viruses, fungi, and parasites in one test if their nucleic acids are 

present in the sample. This is useful when routine tests are negative or when the infection may be 
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unusual, mixed, or unexpected [88,89]. A major clinical strength of mNGS is that it can provide 

actionable diagnoses in difficult cases [90,91]. A well-known example is the use of unbiased 

sequencing to identify a treatable cause of meningoencephalitis when standard testing did not find 

the pathogen [91]. A larger clinical study also showed how metagenomic sequencing can help 

diagnose meningitis and encephalitis across many possible causes [90]. Clinical mNGS requires 

careful laboratory validation because it is a complex “wet lab + bioinformatics” test [92,93]. 

Guidance papers describe key steps for validating universal pathogen detection workflows and 

interpreting results [92]. Separate standards also describe how to validate and monitor the 

bioinformatics pipeline, because software choices can change results [93]. Recent work has also 

proposed using “operational value” measures to compare different clinical metagenomics 

approaches in a more standardized way [94]. Sample type and sample preparation strongly affect 

mNGS performance [88,89,98]. Many clinical specimens contain much more human DNA than 

microbial DNA, which can reduce sensitivity for pathogen detection. Studies have shown that 

methods to deplete human DNA can improve the fraction of microbial reads and increase detection 

sensitivity in some settings [98]. Contamination is another major issue, because low-level microbial 

DNA can come from reagents, the environment, or handling steps [97]. Because of these issues, 

negative controls and careful interpretation are essential, especially for low-biomass specimens 

[92,97]. Newer studies show that clinical mNGS can be validated for specific syndromes, such as 

respiratory infection testing. A Nature Communications study reported laboratory and clinical 

validation of an mNGS assay for respiratory virus detection and discovery with a turnaround goal 

of less than 24 hours [95]. A Lancet Microbe study evaluated a rapid respiratory metagenomics 

service in the ICU and assessed feasibility, performance, and potential clinical impact [96]. 

NGS is also used outside direct specimen metagenomics [99,100]. Whole-genome sequencing of 

isolates supports outbreak investigation, infection prevention work, and detailed pathogen 

characterization [99]. Genomics is also becoming important for antimicrobial resistance surveillance, 

although routine adoption can be harder in low-resource settings [100]. Targeted NGS approaches 

can be useful when full shotgun metagenomics is not needed. For example, deep sequencing of 

bacterial 16S rRNA amplicons can help characterize polymicrobial infections when standard methods 

give limited information [101]. Clinical studies also reported that NGS can identify more organisms 

in polymicrobial samples than standard culture in selected settings [102]. 

Overall, metagenomic and other NGS approaches can expand the range of pathogens detected 

and can support faster or more precise decisions in selected use cases [88,89,94]. At the same 

time, these approaches need strong validation, careful contamination control, and clinically 

grounded interpretation to avoid misleading results [92,93,97]. 

3.2. Serological and Immunological Assays 

Serological assays detect antibodies in patient samples to show current or past exposure to a 

pathogen [103–105]. Immunological assays measure parts of the immune response beyond 

antibodies, such as antigen-specific T-cell activity [116,117]. These tests are often used when direct 

pathogen detection is difficult, when the pathogen is no longer present in the sampled site, or when 

the goal is to measure immune status [103–105]. A key limitation is timing, because antibodies and 

cellular responses can take days to weeks to appear after infection [104,105]. 

3.2.1. Antibody-Based Serology 

Serology commonly measures IgM and IgG antibodies, and the interpretation depends on the 

disease and the clinical setting. IgM can suggest recent infection in some diseases, but it can also be 

non-specific and may persist longer than expected. IgG can indicate past exposure, and paired 

samples can show a rising IgG level that supports recent infection when a clear increase is observed 

[104,105]. Cross-reactivity can occur when antibodies bind related pathogens, which can reduce 

specificity in some settings [103,105]. 
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3.2.2. ELISA and Chemiluminescent Immunoassays 

ELISA is a common format for measuring antibodies or antigens using enzyme-linked signal 

generation. ELISA can be used for screening, confirmation, and research measurements when 

protocols and controls are well designed [106,107]. Chemiluminescent immunoassays are often used 

in clinical labs because they can be automated and can provide high-throughput testing. 

Chemiluminescent platforms are widely used for infectious disease serology, including SARS-CoV-

2 antibody testing during the pandemic as one example [103,111]. 

3.2.3. Lateral Flow Assays and Rapid Tests 

Lateral flow immunoassays are rapid tests that can be used near the patient and often give 

results in minutes. They can detect antibodies or antigens depending on the test design [108,109]. 

Their main advantage is speed and simple workflow, but performance can vary by product, 

specimen type, and viral load or antigen level [108,110]. Cochrane review summarized evidence for 

rapid antigen tests for SARS-CoV-2 and showed that accuracy depends strongly on timing and 

clinical context [110]. 

3.2.4. Antigen Detection Assays 

Antigen tests detect pathogen components, such as viral proteins, and they can support early 

diagnosis when antigens are present [108–110]. Antigen tests are often faster and easier than 

nucleic acid tests, but they are commonly less sensitive, especially when pathogen burden is 

low [108,110]. Because of this, antigen test results often need careful clinical interpretation 

and sometimes confirmatory testing depending on the scenario [108,110]. 

3.2.5. Neutralization and Functional Antibody Assays 

Neutralization assays measure whether antibodies can block infection or block a viral entry 

process in a test system. These tests are useful when the question is not only “antibody present” but 

“antibody can neutralize.” Standardization is important for comparing neutralization results across 

labs, and international standards can support better comparison [112]. 

3.2.6. Multiplex Immunoassays and Serosurveillance 

Multiplex assays measure antibodies to multiple pathogens or multiple antigens in one run, 

which can support broader serosurveillance [113–115]. Multiplex bead assays can be used with dried 

blood spots, which can make large population studies easier in some settings [113,115]. Systematic 

reviews show that multiplex bead assays can support integrated serosurveillance, but assay 

harmonization and interpretation rules are still important [113]. Recent field studies have used 

multiplex serology to measure exposure patterns to multiple pathogens within the same communities 

[114]. 

3.2.7. Immunological Assays Beyond Antibodies 

Some immunological assays measure T-cell responses to infection rather than antibodies. In 

tuberculosis, interferon-gamma release assays (IGRAs) are widely used to detect immune 

sensitization to Mycobacterium tuberculosis. Guidelines describe where IGRAs fit in TB diagnosis 

and how results should be interpreted with clinical risk and other tests [116,117]. Other assays for 

example, for joint replacement infections, measure host defensin levels such as the test from CD 

diagnostics who was acquired by Zimmer Biomet [118]. 
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3.3. Point-of-Care and Decentralized Testing Platforms 

Point-of-care and decentralized testing means testing that can be done near the patient or outside 

a central laboratory [119,120]. These platforms aim to give fast results and support faster decisions 

[119,120]. Modern POCT also aims for good usability, low cost, and good data connectivity for 

reporting and follow-up [119,121]. 

3.3.1. Over the Counter Self Tests 

Another class of testing is the self test. Made common by SARS-CoV2 pandemic, consumers 

want and need to be able to test themselves for major infectious diseases. Notably the Sfirst Syphilis 

self test (SST) was granted FDA clearance in 2024 [122]. For an authoritative review see [123]. 

3.3.2. Lateral Flow Assays 

Lateral flow assays (LFAs) are simple strip-based tests that can detect antigens or antibodies in 

minutes [108,109]. LFAs are popular for decentralized testing because they are easy to run and do not 

need complex instruments [108,120]. LFAs can be used as screening tests, but accuracy can vary by 

product, specimen type, and timing of infection [108,110]. A large evidence summary for rapid 

antigen tests showed that sensitivity depends strongly on viral load and when the sample is collected 

[110]. Because LFA results can be hard to read by eye, digital reading tools can improve consistency, 

remove subjectivity and reduce user error [121,134]. Connectivity is also important so results can be 

stored, shared, and used for public health actions [119,121]. 

3.3.3. Microfluidic and Paper-Based Platforms 

Microfluidic platforms move and process small fluid volumes in channels or droplets to 

automate steps like mixing, washing, and detection. These systems can combine sample preparation 

and detection in one small device to support fast testing outside the lab [125,126]. Microfluidics can 

also support multiplex testing by running many reactions in parallel on the same chip [124,125]. 

Paper-based microfluidics uses patterned paper to move fluids by capillary flow without pumps. 

Paper platforms are attractive for decentralized testing because they can be low-cost, light, 

environmentally friendly and easy to use. Reviews show that paper microfluidic devices are being 

used for in-field testing of pathogens and infection biomarkers [127,128]. A high-impact example 

showed paper-based microfluidics for DNA testing of malaria in low-resource rural settings in a first-

in-human study [129]. Recent reviews also focus on paper-based chips for at-home nucleic acid 

testing and discuss design and validation challenges [130]. Even when the device is simple, quality 

control and validation are still needed so results remain reliable outside the lab [120,121]. 

3.3.4. Smartphone-Assisted and Portable Diagnostic Systems 

Smartphone-assisted diagnostics use the phone as a reader, a power source, or a data and 

connectivity hub [119,131,133]. A classic example is a smartphone “dongle” that ran laboratory-style 

immunoassays at the point of care using phone power and optics [132]. Smartphones can also be 

combined with microfluidic devices to support portable testing with digital data handling [131,133]. 

A major benefit is that smartphones can store results, time-stamp them, and transmit them for remote 

review and surveillance [119,121]. Smartphone image analysis can also help read LFAs and improve 

accuracy for multianalyte rapid tests [134]. A scoping review found that user experience and 

workflow issues can affect adoption of mobile-linked diagnostics in community settings [135]. This 

means design should focus on clear instructions, privacy, and simple steps for non-expert users 

[121,135]. 
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3.4. Emerging Biosensor Technologies 

Biosensors aim to detect pathogens or infection biomarkers quickly by turning a biological 

binding event into a measurable signal [136,137]. These systems are being developed to support faster 

testing, smaller devices, and more decentralized use [136,140]. 

3.4.1. Electrochemical Biosensors 

Electrochemical biosensors measure electrical changes when a target binds on a sensor surface 

[137,138]. Common readouts include changes in current, voltage, or impedance [138,139]. 

These biosensors can be compact and can work with simple electronics, which supports point-

of-care use [138,140]. In infectious diseases, electrochemical formats are used to detect pathogen 

antigens, nucleic acids, or host biomarkers [136,137,140]. Recent reviews describe key design choices, 

such as the biorecognition layer (antibodies, aptamers, or nucleic acids) and the electrode surface 

chemistry [138,140]. Electrochemical protein biosensors have been widely studied for viral infectious 

diseases and inflammatory biomarkers, and they often use signal amplification materials on the 

electrode [139]. A proof-of-concept study also showed an electrochemical biosensor for measuring 

sepsis-related biomarkers in an LPS-induced sepsis model [141]. Main challenges include non-

specific binding, matrix interference from real samples, and the need for stable and reproducible 

sensor fabrication [136,138,140]. 

3.4.2. Optical and Plasmonic Biosensors 

Optical biosensors measure changes in light signals caused by target binding or changes in the 

local environment near the sensor [137,142]. Surface plasmon resonance (SPR) is a common optical 

method that can detect binding events by measuring changes in refractive index near a metal surface. 

SPR and related plasmonic approaches can be used as label-free methods, but they often need more 

complex optics than strip tests [142,143]. Recent reviews describe progress in SPR platforms and assay 

designs that better handle complex biological samples [142]. 

Plasmonic biosensors include SPR and localized SPR, and they can also be combined with 

surface-enhanced fluorescence or Raman signals for higher sensitivity [145,147]. A review focused on 

plasmonic fluorescence sensors highlights their use for rapid detection in infectious disease settings 

[145]. Plasmonic approaches are also being developed for integrated point-of-care systems that 

combine sensing with other functions, such as sample handling and rapid heating steps [146]. 

Virus detection is a major application area for optical and plasmonic biosensors, including 

metamaterial-based approaches that aim for fast and sensitive readouts [147]. A recent example 

reported a disposable multiplexed plasmonic biosensor for identifying common respiratory viruses 

in nasopharyngeal swab samples [148]. A broader review on plasmonic biosensors discusses steps 

needed to move these platforms toward fully operative biomedical detection systems [144]. 

3.4.3. Nanomaterial-Based and Lab-on-a-Chip Systems 

Nanomaterials are used in biosensors to improve sensitivity, speed, or signal amplification. 

Examples include metal nanoparticles, carbon materials, and other nano-structured surfaces that 

increase surface area and enhance signal generation [149,150]. A review on nano-modified biosensors 

highlights trends toward smart sensing, multiplex detection, and point-of-care testing for infectious 

diseases [149]. A systematic review on metal nanocluster-based biosensors summarizes optical and 

electrochemical formats for bacterial and viral detection [151]. Nanomaterials can also support 

miniaturized lab-on-a-chip devices by improving detection on small platforms and enabling 

integrated workflows [150,152]. Lab-on-a-chip systems aim to combine steps such as sample 

preparation, reaction, and detection in one small device. An editorial overview describes lab-on-a-

chip as a practical approach for rapid microorganism identification, while also noting challenges in 

standardization and real-world deployment [152]. 
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3.5. Multi-Omics and Integrated Detection Approaches 

Multi-omics means measuring more than one biological layer, such as RNA, proteins, and 

metabolites, to understand infection and improve detection [165,166]. In infectious diseases, multi-

omics can support diagnosis, severity assessment, and treatment response monitoring by capturing 

both pathogen signals and host-response signals [15,166]. A main goal is to move from single markers 

to clinically useful signatures that are more accurate and more stable across patients [11,15]. 

3.5.1. Transcriptomics, Proteomics, and Metabolomics 

Transcriptomics measures RNA expression patterns, often from blood, to reflect how the host 

responds to infection [153,154]. Host gene-expression signatures can help distinguish bacterial from 

viral infections in some settings [15,153,154]. Benchmarking studies show that many different gene 

signatures exist and performance can change across datasets, so robust validation is essential [17,154]. 

Some signatures work well for common infections but can have known limits for certain pathogen 

groups, such as intracellular bacteria [155]. Transcriptomic models have also been developed for 

sepsis severity and mortality risk, which links transcriptomics to clinical staging and prognosis 

[156,157]. Proteomics measures proteins, often using mass spectrometry, to detect pathogen 

components or host-response patterns [158,159]. 

Proteomics can support infectious disease diagnostics by profiling host proteins in body fluids 

and by measuring pathogen proteins when they are present [158,159]. Recent reviews describe 

proteomics as an emerging tool in clinical microbiology, but they also note challenges such as 

workflow complexity and standardization [158,160]. A recent study described untargeted proteomics 

that can identify human-pathogenic viruses directly from patient samples, which shows a “broad 

detection” concept similar to metagenomics [161]. Combining antibody to specific toxins can also 

increase the specificity of immune proteomics. 

Metabolomics measures small molecules that change during infection due to pathogen 

metabolism, host metabolism, or both [14,162]. Metabolomics and VOC analysis can support 

noninvasive or rapid detection concepts, but these approaches still need strong clinical validation for 

routine use [23,162]. A review of infectious disease metabolomics describes how metabolite patterns 

can reflect diagnosis and also treatment or vaccine response [14,164]. 

A recent clinical-style study used metabolomics with machine learning to identify SARS-CoV-2 

and other viruses directly from respiratory samples, which shows how metabolomics can be turned 

into an assay approach [163]. 

3.5.2. Multi-Analyte Integration for Clinically Useful Signatures 

Multi-analyte integration combines multiple biomarkers into one signature or score to improve 

performance compared with single markers [11,15]. Integrated signatures can combine several host 

markers, several pathogen markers, or both together, depending on the clinical question [15,166]. 

Multi-marker signatures can be built from transcript panels, protein panels, or combined omics 

features [15,18–21]. Examples include host mRNA panels used to distinguish bacterial from viral 

infection patterns and support triage decisions [18,19]. Examples also include multi-protein panels, 

such as a combination of TRAIL, IP-10, and CRP used to support bacterial versus viral differentiation 

[20,21]. Multi-omics integration can also mean combining transcriptomics, proteomics, and 

metabolomics into one model. Reviews describe challenges in multi-omics integration, including 

batch effects, platform differences, missing data, and the risk of overfitting when many features are 

used [165,166]. Because of this, studies need careful design, external validation, and clear reporting 

to show that a signature is reliable and generalizable [154,165]. 

In infectious diseases, multi-omics reviews describe integration approaches for COVID-19 and 

for invasive fungal infections, which shows how integration is being applied across different 

pathogen types [167,168]. Overall, multi-omics and integrated detection approaches can improve 

diagnostic accuracy and may support more personalized infection management [15,166]. However, 
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translation into routine care depends on simpler workflows, standardized pipelines, and evidence 

that the signature improves real clinical decisions [15,158,165]. 

4. Biomarkers in Infectious Diseases 

4.1. Diagnostic Biomarkers 

Diagnostic biomarkers are used to help decide if infection is present and what kind of infection 

it may be [11]. In practice, biomarkers are used together with symptoms, imaging, and microbiology 

tests. 

4.1.1. Pathogen-Specific Biomarkers 

Pathogen-specific biomarkers come from the pathogen or its products, so they give more direct 

evidence of infection. These should be unique to the specific pathogen usually tied to a conserved 

internal protein or a gene encoding a protein involved in virulence and pathogenicity. For invasive 

fungal infections, galactomannan and β-D-glucan are widely used non-culture biomarkers in selected 

patients [169,170] A meta-analysis showed that β-D-glucan has useful pooled accuracy for invasive 

fungal infection diagnosis, but it is not perfect [170]. A meta-analysis also showed that 

bronchoalveolar lavage galactomannan is useful for diagnosing invasive aspergillosis in the right 

clinical setting [171] These fungal biomarkers can still give false positives or false negatives, so 

interpretation must match the patient context and sample type [169–171] Cryptococcal antigen is a 

strong example of a pathogen antigen biomarker with high clinical value [10]. A multisite validation 

study supported good performance of cryptococcal antigen lateral flow testing for cryptococcal 

disease diagnosis [10]. Urinary antigen tests are another group of pathogen-specific biomarkers that 

can support rapid diagnosis. A systematic review and meta-analysis evaluated urine pneumococcal 

antigen testing for community-acquired pneumonia caused by Streptococcus pneumoniae [172]. In 

tuberculosis, urine lipoarabinomannan (LAM) is a pathogen biomarker that is useful in specific high-

risk groups. WHO guidance supports LF-LAM use for diagnosing active TB in people living with 

HIV under defined conditions [173]. A recent prospective study measured LAM concentrations in 

urine and blood and evaluated real-world diagnostic accuracy in people with and without HIV [182] 

Newer studies and screening strategies continue to evaluate how LAM testing may improve case 

finding, including comparisons with FujiLAM in some settings [184]. 

4.1.2. Host Inflammatory Markers for Infection Detection 

Host inflammatory markers rise when the body responds to infection, but they are not specific 

to one pathogen [174,181]. C-reactive protein (CRP) and procalcitonin (PCT) are two of the most used 

inflammatory biomarkers in clinical care [174]. A classic meta-analysis found that PCT had higher 

overall diagnostic accuracy than CRP for bacterial infection in hospitalized patients [175]. 

In pneumonia, a systematic review and meta-analysis showed that PCT alone has limited ability 

to separate viral from bacterial pneumonia [175]. In febrile infants, a meta-analysis compared PCT 

and CRP for predicting invasive or serious bacterial infection and reported different accuracy profiles 

across studies [176]. In febrile children more broadly, a systematic review found that CRP provides 

moderate help for ruling in or ruling out bacterial infection, but it cannot be used alone [181]. Because 

inflammation can also occur in noninfectious disease, these markers should be interpreted as 

supportive evidence, not proof of infection by themselves [174,179]. Inflammatory markers can also 

be affected by surgery and other sterile inflammatory states [183]. A meta-analysis in major 

gastrointestinal surgery showed that PCT and IL-6 have only moderate to good accuracy for 

postoperative infection or sepsis, with important study heterogeneity [183]. 
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4.1.3. Markers that Distinguish Infectious from Noninfectious Syndromes 

Some biomarkers aim to distinguish infection-driven inflammation from noninfectious 

inflammation that looks similar. Host-response gene expression tests are one approach, because they 

measure a pattern of immune activation instead of one marker. SeptiCyte LAB is a host-response 

assay designed to help separate sepsis from noninfectious systemic inflammation in critically ill 

adults [19,177]. A large validation study reported diagnostic performance of SeptiCyte LAB for 

discriminating sepsis from SIRS in ICU patients [177]. A newer study validated SeptiCyte RAPID as 

a faster host-response test to discriminate sepsis from noninfectious inflammation [178]. Other multi-

marker host-response tests focus on separating bacterial and viral infections, which supports early 

treatment decisions [18,20,21]. A 29-mRNA host-response test (InSep) was validated in emergency 

department patients to classify bacterial versus viral infection likelihood [18]. 

A protein signature using TRAIL, IP-10, and CRP has also been evaluated for bacterial versus 

viral respiratory infections [20]. A systematic review and meta-analysis summarized diagnostic test 

accuracy evidence for the TRAIL + IP-10 + CRP approach in febrile emergency department patients 

[21]. System-level evidence also compares many sepsis biomarkers and scores, showing that no single 

marker is best in every setting [180]. Guidelines for community-acquired pneumonia specifically 

advise that low PCT should not be used alone to withhold initial antibiotics when pneumonia is 

clinically suspected [179]. Overall, diagnostic biomarkers work best when they are targeted to the 

right patients and combined with clinical judgment and other tests [179,180]. 

4.2. Biomarkers for Disease Staging 

Biomarkers for disease staging help clinicians describe how far an infection has progressed and 

how much risk the patient has [185]. Staging can be based on immune damage, pathogen burden, 

organ injury, or a combination of these [185,186]. 

4.2.1. Early Versus Advanced Disease 

A clear staging example is HIV, where “advanced HIV disease” is defined by very low CD4 

counts or severe HIV-related illness. These staging matters because advanced disease is linked with 

a higher risk of severe opportunistic infections and death. So, CD4-based staging helps decide who 

needs additional screening and preventive treatment [185]. Another common staging pattern is 

chronic infection with slow organ damage, where staging focuses on organ injury. In chronic hepatitis 

C, simple blood-based fibrosis scores can help separate early fibrosis from advanced fibrosis. This is 

useful because advanced fibrosis changes prognosis and care plans [186]. 

4.2.2. Localized Versus Disseminated Infection 

A second staging question is whether infection is localized to one site or disseminated 

throughout the body. Disseminated infection often leads to higher levels of pathogen products in 

blood or urine because the organism is present in more places [187,188]. Urine lipoarabinomannan 

(LAM) detection in people living with HIV is linked to disseminated tuberculosis and advanced 

immunodeficiency. This helps explain why urine LAM testing performs best in severely ill or 

immunosuppressed patients [187]. Disseminated histoplasmosis is another example where antigen 

detection reflects disease burden and spread [188,189]. Evidence shows that urine antigen testing can 

be more sensitive than urine PCR for diagnosing disseminated histoplasmosis [189]. This supports 

antigen testing as a useful biomarker for disseminated disease in the right patient groups [188,193]. 

Antigen concentration can also help stage disease severity and dissemination in some infections. For 

cryptococcosis in HIV, higher blood cryptococcal antigen titers are associated with a higher chance 

of subclinical meningitis [192]. 
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4.2.3. Acute Versus Chronic Infection 

A third staging question is whether infection is acute or chronic [190,191]. For hepatitis B, chronic 

infection is commonly defined by persistence of hepatitis B surface antigen over time, while acute 

infection is supported by markers like IgM anti-HBc in the right setting [190,191,194]. This serology 

pattern helps clinicians interpret whether the infection is new, ongoing, or past exposure [191,194]. 

4.3. Biomarkers of Therapeutic Response 

Biomarkers of therapeutic response are markers that change during treatment and help show 

whether therapy is working [195]. Response biomarkers are most useful when they can be measured 

repeatedly and show a clear trend with improvement or worsening [195,196]. 

4.3.1. Dynamic Markers that Change During Treatment 

Some response biomarkers are quantitative, so clinicians can follow the direction and speed of 

change over time [195]. In disseminated histoplasmosis, Histoplasma antigen levels usually decrease 

during effective therapy, and this decrease can be measured in urine or serum. This makes antigen 

kinetics a practical response marker when symptoms improve slowly or when clinical assessment is 

difficult [188,195]. In invasive aspergillosis, galactomannan can be used as a dynamic marker during 

antifungal treatment in selected patients [169,196]. A review supports galactomannan as a surrogate 

marker linked to outcome, especially when trends are followed over time [196]. Clinical data also 

show that early serum galactomannan trends during the first weeks of therapy can help predict later 

outcomes [197]. For some chronic viral infections, response monitoring uses pathogen nucleic acid 

levels as a dynamic marker [29,30]. In HIV, changes in plasma HIV-1 RNA during antiretroviral 

therapy are used to assess response and suppression [29]. In hepatitis C, on-treatment and post-

treatment HCV RNA testing supports response assessment and later cure confirmation [30]. 

4.3.2. Predictors of Treatment Failure, Persistence, or Relapse 

A strong response biomarker does not only change with improvement, but can also warn when 

a patient is at higher risk of failure or relapse. In tuberculosis, early microbiologic response is linked 

with later relapse risk across treatment regimens. A meta-regression model showed that month 2 

culture status, together with treatment duration, predicts relapse risk at the regimen level [198]. This 

supports the idea that slower culture conversion can signal higher risk of persistence or relapse 

[38,198]. In disseminated histoplasmosis, antigen levels that fail to decline or that rise again can 

suggest persistent infection or relapse, although interpretation still needs clinical context [188,195]. 

In invasive aspergillosis, lack of improvement in galactomannan kinetics can also be a warning sign 

of poor response or worse outcomes [196,197]. 

4.3.3. Biomarkers that Support Antimicrobial Stewardship 

Stewardship biomarkers help clinicians shorten antibiotic use when it is safe, which can reduce 

side effects and selection pressure for resistance [200]. Guidelines emphasize that biomarkers should 

support decisions but should not replace clinical assessment [199]. Procalcitonin-guided strategies 

have been evaluated across many studies in acute respiratory infections. A patient-level meta-

analysis found that procalcitonin-guided care reduced antibiotic exposure and antibiotic-related side 

effects, with overall improved survival across settings [200]. In ICU settings, the PRORATA 

randomized trial showed that a procalcitonin-based algorithm reduced antibiotic exposure [201]. A 

patient-level meta-analysis of ICU trials also supports that procalcitonin-guided protocols can reduce 

antibiotic use without clear harm, although effects can vary by setting and protocol [203]. A large 

pragmatic trial in lower respiratory tract infection found that procalcitonin guidance did not 

substantially reduce antibiotic use compared with usual care, showing that implementation and 

clinician behavior matter [204]. In hospitalized patients with suspected sepsis, the ADAPT-Sepsis 

randomized trial found that a daily procalcitonin-guided protocol reduced total antibiotic duration 
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compared with standard care with noninferior mortality [202]. C-reactive protein can also be used as 

a stewardship support marker in some settings [205,206]. In uncomplicated gram-negative 

bacteremia, a randomized trial found that CRP-guided antibiotic duration was noninferior to longer 

fixed-duration therapy [205]. A systematic review and meta-analysis also found that CRP-guided 

protocols can reduce antibiotic duration in hospitalized patients without clear harm, although the 

evidence base is still limited [206]. Overall, response and stewardship biomarkers work best when 

they are combined with clinical evaluation, source control assessment, and microbiology results 

[199,200]. 

4.4. Biomarkers of Cure 

Biomarkers of cure aim to answer a simple question: is the infection truly cleared from the body 

[207]. This is harder than it sounds because patients can feel better before the pathogen is fully 

removed [208]. 

4.4.1. Distinguishing Microbiological Cure from Clinical Improvement 

Microbiological cure means the pathogen is gone or no longer viable, based on microbiology 

evidence [31,207]. Clinical improvement means symptoms and signs get better, but this does not 

always prove that the pathogen is cleared [208]. Because of this, many trials and guidelines separate 

“clinical endpoints” from “microbiological endpoints.” [207,208] In hepatitis C, cure is usually 

defined by a microbiology-based rule, which is sustained virologic response after treatment [30]. In 

tuberculosis programs, WHO uses outcome definitions that distinguish “cured” from “treatment 

completed,” based on bacteriological evidence and reporting rules [31]. In some sexually transmitted 

infections, guidance uses “test-of-cure” only in selected situations, because routine testing can be 

misleading if done too early. 

4.4.2. Challenges of Persistent Nucleic Acid or Antigen Detection 

A major problem is that nucleic acid tests can stay positive after effective treatment because they 

may detect dead or non-viable pathogen DNA or RNA [209,213]. In tuberculosis, a prospective study 

showed false-positive Xpert MTB/RIF results in retested patients with prior TB, which highlights how 

DNA can persist without active disease [209]. Newer NAAT formats such as Xpert Ultra can improve 

sensitivity, but this can also increase detection of very low-level signals that may be hard to interpret 

in some contexts [210]. This “positive does not always mean active infection” issue also occurs with 

antigen tests. For malaria, HRP2-based rapid diagnostic tests can remain positive for weeks after 

treatment, so a positive test may reflect persistent antigen rather than live parasites [211]. The same 

timing problem is seen in bacterial STI test-of-cure [39,212]. For chlamydia, NAAT can remain 

positive for a short time after treatment, so testing too soon can misclassify cure as failure [212]. For 

viral infections, PCR positivity can last longer than infectiousness [213,214]. A systematic review and 

meta-analysis of coronaviruses described viral load and shedding patterns and how infectiousness 

does not always match PCR positivity over time [213]. This explains why persistently PCR-positive 

people may not always be contagious, depending on timing and clinical context [214]. 

4.4.3. Current Gaps in Validated Cure Biomarkers 

A major problem is that nucleic acid tests can stay positive after effective treatment because they 

may detect dead or non-viable pathogen DNA or RNA [209,213]. In tuberculosis, a prospective study 

showed false-positive Xpert MTB/RIF results in retested patients with prior TB, which highlights how 

DNA can persist without active disease [209]. Newer NAAT formats such as Xpert Ultra can improve 

sensitivity, but this can also increase detection of very low-level signals that may be hard to interpret 

in some contexts [210]. This “positive does not always mean active infection” issue also occurs with 

antigen tests. For malaria, HRP2-based rapid diagnostic tests can remain positive for weeks after 

treatment, so a positive test may reflect persistent antigen rather than live parasites [211]. The same 
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timing problem is seen in bacterial STI test-of-cure [39,212]. For chlamydia, NAAT can remain 

positive for a short time after treatment, so testing too soon can misclassify cure as failure [212]. For 

viral infections, PCR positivity can last longer than infectiousness [213,214]. A systematic review and 

meta-analysis of coronaviruses described viral load and shedding patterns and how infectiousness 

does not always match PCR positivity over time [213]. This explains why persistently PCR-positive 

people may not always be contagious, depending on timing and clinical context [214]. 

5. Disease-Specific Applications 

5.1. Viral Infections 

Viral diagnostic strategies depend strongly on the syndrome, the timing of symptoms, and the 

expected viral load in the sampled site [216,218]. In many viral infections, nucleic acid tests are most 

useful early, while serology becomes more useful later when antibodies have developed 

[218,225,228]. 

5.1.1. Respiratory Viral Infections 

Respiratory viral infections often present with similar symptoms, so multiplex respiratory 

testing can improve speed and pathogen identification [83]. Influenza guidance emphasizes early 

testing when it will change treatment decisions, especially for high-risk patients [215,216]. CDC 

guidance summarizes influenza testing options, including rapid antigen tests and molecular tests, 

and explains that molecular tests are generally more sensitive [216]. For RSV, diagnostic testing 

choices depend on age, severity, and clinical setting, and CDC guidance outlines available methods 

and their typical use [217]. 

For COVID-19, IDSA provides guidance on molecular testing and how to interpret results across 

clinical scenarios [218]. Rapid antigen tests can be useful for quick decisions, but their sensitivity 

varies with viral load and timing [110]. Because rapid tests are commonly lateral flow assays, they 

support decentralized testing but still need careful interpretation in low viral load situations 

[108,110]. 

5.1.2. HIV, HBV, and HCV 

For HIV, diagnosis commonly follows an algorithm that starts with a combination 

antigen/antibody immunoassay and then uses supplemental testing when needed. CDC and APHL 

provide a clear recommended laboratory HIV testing algorithm for serum or plasma specimens 

[219,220]. 

After diagnosis, viral load and CD4 count are key biomarkers used to monitor disease status and 

treatment response over time [29,221]. For hepatitis B, diagnosis and staging rely on serology patterns 

and, when needed, HBV DNA to assess viral replication and guide management [189,190,222]. 

CDC recommendations help interpret markers such as HBsAg and IgM anti-HBc to distinguish 

acute infection from chronic infection and prior exposure [190]. WHO guidance also supports chronic 

HBV care pathways that use these markers for diagnosis, monitoring, and treatment decisions [222]. 

For hepatitis C, diagnosis depends on anti-HCV testing followed by confirmatory HCV RNA testing 

to identify current infection. CDC guidance provides operational details for implementing HCV 

testing recommendations [223,224]. After treatment, sustained virologic response (SVR) is the 

standard virologic outcome used to define cure [30]. 

5.1.3. Arboviruses and Emerging Viral Diseases 

Arbovirus testing is highly time-dependent because viremia is usually highest early, while IgM 

antibodies appear later [225,228,229]. For dengue, CDC guidance recommends using RT-PCR or NS1 

antigen tests early in illness and serology later, depending on the day of symptoms [225]. A 

systematic review and meta-analysis compared common dengue reference tests and supports the 
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timing-based use of RT-PCR, NS1 ELISA, and IgM ELISA [227]. Zika testing guidance emphasizes 

NAAT early and notes interpretation challenges for serology because of cross-reactivity with other 

flaviviruses [226,228]. CDC guidance also covers chikungunya and explains that RT-PCR is most 

useful early, while serology becomes useful later in illness [229]. A review of chikungunya laboratory 

diagnosis summarizes available assay types and how they are used [230]. West Nile virus diagnosis 

commonly uses serology, especially IgM, because viremia is often brief, and CDC guidance outlines 

the main testing approach [231]. Cross-reactivity between flaviviruses is a major problem for serology 

interpretation in dengue and Zika, and this needs careful clinical and epidemiologic context [226,232]. 

Emerging viral diseases require flexible testing strategies and clear public health reporting guidance. 

For Oropouche virus disease, CDC and PAHO provide updated recommendations for testing, 

reporting, and surveillance as outbreaks occur [233,234]. 

5.2. Bacterial Infections 

Bacterial infections include acute life-threatening syndromes like sepsis, chronic infections like 

tuberculosis, and localized infections like many sexually transmitted infections [28,39,241]. 

Diagnostic choices depend on the clinical syndrome, specimen type, and whether rapid results will 

change treatment [237]. 

5.2.1. Sepsis and Bloodstream Infections 

Sepsis is life-threatening organ dysfunction caused by a dysregulated host response to infection, 

and early recognition matters [28,199]. Bloodstream infection diagnosis still relies on blood cultures 

because they provide both organism identification and isolates for susceptibility testing. Guidance 

emphasizes correct blood culture collection, including timing, volume, and contamination 

prevention [235,236]. Diagnostic stewardship is important because unnecessary cultures and 

contaminated cultures can lead to false positives and inappropriate antibiotics [237]. Rapid molecular 

diagnostics can speed identification of pathogens and some resistance genes from positive blood 

cultures or directly from blood in selected platforms [238–240]. A systematic review and meta-

analysis supports that some blood culture rapid identification panels have good diagnostic accuracy 

for many common bloodstream pathogens and resistance markers [239]. Another meta-analysis 

summarized performance of molecular tests for bloodstream infection diagnosis in real clinical 

settings [238]. A diagnostic accuracy study also reported performance of a direct-from-blood platform 

(T2Bacteria) for bloodstream infection diagnosis [240]. Evidence shows that rapid diagnostics for 

bloodstream infections can improve outcomes when combined with antimicrobial stewardship and 

clinical action [84]. So, the test is most useful when results reach the treating team quickly and lead 

to timely antibiotic adjustment [84,237]. 

5.2.2. Tuberculosis 

Tuberculosis diagnosis today still uses a combination of clinical assessment, imaging, and 

microbiology testing, and rapid molecular tests are now central in many settings [116,241]. WHO 

consolidated TB guidelines recommend rapid molecular diagnostics for TB detection and for drug 

resistance testing in defined workflows [241]. Urine lipoarabinomannan (LF-LAM) is recommended 

by WHO for diagnosing active TB in people living with HIV under defined conditions, which 

supports diagnosis in very ill patients [173]. Drug-resistant TB diagnosis increasingly uses molecular 

tools that identify resistance-associated mutations [241]. A systematic review and meta-analysis 

evaluated targeted next-generation sequencing for diagnosing drug-resistant TB and supports its role 

as an advanced resistance testing approach [242]. These approaches can help guide therapy earlier 

than phenotypic testing in some settings, although implementation depends on laboratory capacity 

[241,242]. 
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5.2.3. Antimicrobial Resistance Detection 

Sexually transmitted bacterial infections are often diagnosed using nucleic acid tests because 

they are sensitive and work well with noninvasive specimens [39]. Syphilis diagnosis relies on 

serologic testing algorithms, and CDC provides updated laboratory recommendations for 

interpreting and using syphilis tests [39,243]. For gonorrhea, NAAT is widely used for diagnosis, but 

antimicrobial resistance is a major concern [39,246]. CDC provides laboratory information and 

guidance relevant to gonorrhea testing and resistance concerns [244,246]. Targeted molecular assays 

can also help predict susceptibility for selected drugs, such as PCR assays that predict ciprofloxacin 

susceptibility using resistance markers [245]. 

5.3. Fungal Infections 

5.3.1. Invasive Fungal Disease 

Invasive fungal disease is a serious infection that can spread to blood and deep organs. It is most 

common in patients with weak immunity, after transplant, or in critical illness. Signs and imaging 

are often not specific, so diagnosis is not straightforward. Culture can take time and can be negative 

even when disease is present. Because of this, many clinical frameworks use a combined approach 

that includes host risk, imaging, and lab evidence [247]. Clinical guidelines describe how to diagnose 

and manage common invasive fungi such as Aspergillus, Candida, Cryptococcus, and Mucorales 

[259–262]. 

5.3.2. Antigen-Based, Molecular, and Host-Response Diagnostics 

Antigen tests can support faster decisions than culture in many patients [247,248]. 

Galactomannan testing in serum or BAL is often used to support invasive aspergillosis diagnosis in 

high-risk patients [248,252,253]. 1,3-β-D-glucan is a broad fungal marker that can support detection 

of invasive fungal infection, but it does not identify the species and it can be affected by non-fungal 

factors [249,254]. Cryptococcal antigen lateral flow testing has strong performance in serum and CSF 

and is central for cryptococcosis diagnosis [250,255]. PCR tests can detect fungal DNA and can add 

value when culture is negative or delayed. Test performance depends on the sample type, assay 

design, and lab workflow, so results must be interpreted with the clinical context [248,256]. For 

candidemia, direct-from-blood panels such as T2Candida can detect common Candida species faster 

than blood culture in some settings [257]. For mucormycosis, serum Mucorales PCR has been 

evaluated in prospective studies and can support earlier recognition when tissue is hard to obtain 

[251,258]. Host-response methods are being studied as add-on tools, because direct fungal tests can 

miss early disease [247]. Most clinical guidance still relies mainly on clinical findings plus fungal tests, 

rather than host-response markers alone [258–262]. 

5.4. Parasitic and Neglected Tropical Diseases 

5.4.1. Direct Detection Challenges 

Direct detection works best when the parasite or its products are present in the sampled site at 

the time of testing. This can be hard when parasite levels are low, when shedding is intermittent, or 

when infection is in deep tissue [263]. For malaria, WHO recommends confirming suspected cases 

with microscopy or rapid diagnostic tests when possible [259]. Some malaria rapid tests depend on 

HRP2, and pfhrp2/pfhrp3 deletions can reduce test sensitivity and cause false-negative results 

[260,261]. For visceral leishmaniasis, rapid tests can support case finding, but performance varies by 

region and patient group, so local validation matters [262]. Molecular tests such as PCR can improve 

detection in some settings, but they may be limited by infrastructure and specimen access [267]. For 

schistosomiasis, egg microscopy can miss low-intensity infections, so antigen approaches are 

important in some settings [264,265]. 
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5.4.2. Serological Limitations 

Antibody tests can support diagnosis for some parasitic infections, but antibodies can stay 

positive long after cure [270]. This makes it hard to separate past exposure from active infection using 

serology alone. Because of this, serology is often weak for cure assessment and treatment monitoring 

[270]. For chronic Chagas disease, diagnosis relies on serology, but serologic cure usually takes a long 

time after treatment [268,270]. 

5.4.2. Biomarkers for Staging and Cure 

Biomarkers that reflect active infection are important for staging and for measuring cure in 

programs and trials [265,267]. For schistosomiasis, circulating antigen markers can track active 

infection better than antibodies in some settings [264,266]. A prospective cohort study showed that 

circulating antigen markers can fall after treatment even when antibodies remain positive [266]. Urine 

POC-CCA can be more sensitive than stool microscopy in many studies, but performance varies by 

setting and reference standard [265]. For Chagas disease, qPCR can measure parasite DNA and can 

show treatment effects earlier than standard serology in some studies [267]. Some antibody patterns 

are also being studied as surrogate markers of parasite persistence and response to therapy [269]. For 

human African trypanosomiasis, staging is important because treatment depends on disease stage 

[271]. Metabolomics studies have proposed candidate markers for diagnosis and staging, but these 

still need strong clinical validation for routine use [272]. 

6. Analytical and Clinical Validation of Assays and Biomarkers 

6.1. Analytical Validation 

Analytical validation shows whether an assay or biomarker test can detect and measure its target 

in a reliable way before it is used in patient care [284–289]. 

One key point is the limit of detection. This is the lowest amount of target that the test can detect 

with confidence. In infectious disease assays, the limit of detection should be checked in the real 

specimen type, because performance can change between blood, serum, plasma, urine, or 

cerebrospinal fluid [273,278]. The assay should also show good precision and reproducibility. This 

means the same sample should give similar results when it is tested many times in one run, on 

different days, and, when needed, at different sites. For quantitative assays, linearity should also be 

assessed so the signal changes in a predictable way across the measuring range [274,275]. 

Another important part is specificity. Infectious disease assays must detect the intended target 

without reacting with non-target organisms or host material. For this reason, validation should 

include studies of cross-reactivity with related pathogens and interference from substances such as 

blood components, drugs, transport media, or amplification inhibitors [276,278]. 

Preanalytical factors are also critical. Sample type, collection tube, transport temperature, delay 

before processing, freeze-thaw cycles, and storage conditions can all affect the final result. Studies 

have shown that pathogen nucleic acids and pathogen cell-free DNA may lose stability in some 

specimen types or under poor handling conditions, which can reduce sensitivity and increase 

variation [277,279,280]. 

Overall, analytical validation in infectious disease detection should cover the full testing 

pathway, from specimen collection to final readout. This is necessary to show that an assay or 

biomarker is sensitive, specific, stable, and reproducible in real clinical use [284–291]. 

6.2. Clinical Validation 

Clinical validation shows how well an assay or biomarker works in real patients, not only in 

laboratory conditions [281]. It asks whether the test can correctly separate infected from noninfected 

patients and whether the result is useful for clinical decisions in the intended setting [281]. 
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The main measures are sensitivity and specificity. Sensitivity shows how well the test detects 

patients who truly have the infection. Specificity shows how well it excludes those who do not have 

the infection [281]. These measures are important for both pathogen-detection assays and host-

response biomarkers, because missing true cases or creating false positives can both harm patient 

care [281]. 

Clinical validation should also report positive predictive value and negative predictive value. 

These measures are useful because they tell clinicians how likely a positive or negative result is to be 

correct in practice. However, predictive values change with disease prevalence, so the same test may 

perform differently in high-prevalence and low-prevalence settings [282]. 

Likelihood ratios are also valuable because they show how much a test result changes the 

probability of disease. A high positive likelihood ratio supports ruling in infection, while a low 

negative likelihood ratio supports ruling it out. These measures are often more clinically useful than 

sensitivity or specificity alone because they connect test results to bedside decision-making [283]. 

For continuous biomarkers, such as inflammatory proteins or multi-marker scores, ROC curves 

and area under the curve (AUC) are commonly used. The ROC curve shows the balance between 

sensitivity and specificity across different thresholds. The AUC gives a summary of overall 

discrimination, while the selected clinical cutoff determines the final tradeoff between missed cases 

and false positives [284]. Because of this, cutoffs should be chosen according to the intended clinical 

purpose, such as screening, triage, confirmation, or treatment monitoring [281,284]. 

A major challenge in infectious disease diagnostics is the choice of the reference standard. Many 

studies compare a new assay with a so-called gold standard, but the available standard is often 

imperfect [281,285,286]. This is especially important when a new molecular assay or biomarker may 

be more sensitive than older culture-based or serological methods [285]. 

When the reference standard is imperfect, the measured sensitivity and specificity of the new 

test can be biased. In some cases, the new test may appear falsely inaccurate because the comparator 

misses true infections. This problem has been shown clearly in infectious disease studies, including 

work on leptospirosis, where use of an imperfect standard changed the estimated performance of 

newer diagnostic tests [286]. 

For this reason, clinical validation should use the best available comparator and should clearly 

explain its limits. In difficult settings, researchers may need composite reference standards, expert 

clinical adjudication, or latent class approaches to better estimate the true performance of an assay or 

biomarker [285,286]. This is essential if new infectious disease diagnostics are to move from 

promising technology to reliable clinical tools [281,285]. 

6.3. Study Design Considerations 

Study design strongly affects how well a new assay or biomarker appears to perform. 

Prospective studies are usually better because they test patients as they appear in real practice. In 

contrast, case-control designs often compare clear positive cases with clear negative controls, which 

can make the test look better than it really is [287]. A key problem is spectrum bias. This happens 

when the study does not include the full range of patients seen in clinical care, such as mild disease, 

early infection, mixed syndromes, or patients with related conditions. For infectious disease 

diagnostics, this can give accuracy estimates that are too high and less useful for real-world use 

[287,288]. 

Studies also need enough patients to give stable results. Small studies may produce wide 

confidence intervals and weak estimates of sensitivity and specificity. For this reason, sample size 

and statistical power should be considered early in study planning [289]. 

Finally, validation should use clinically meaningful sample sets. The tested samples should 

match the intended patient group, specimen type, and care setting. This is important if new infectious 

disease assays and biomarkers are meant to support real clinical decisions [288]. 
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6.4. Reporting and Evidence Synthesis Standards 

Clear reporting is essential so readers can judge whether a diagnostic study is valid and clinically 

useful. STARD gives a structured checklist for reporting diagnostic accuracy studies, including 

patient selection, index test methods, reference standard, and analysis [26]. 

For reviews, PRISMA 2020 helps authors report systematic reviews in a clear and complete way. 

When the review focuses on diagnostic test accuracy, PRISMA-DTA is especially useful because it is 

designed for studies of sensitivity, specificity, and related measures [290,291]. 

Using these standards improves transparency, makes studies easier to compare, and helps build 

stronger evidence for new infectious disease assays and biomarkers [26,290,291]. 

7. Translational and Implementation Challenges 

7.1. From Biomarker Discovery to Clinical Adoption 

Many infectious disease biomarkers look promising in early studies, but only a small number 

become routine clinical tests [16,292]. Results are often hard to reproduce across different patient 

groups, specimen types, study sites, and testing methods, and strong external validation is still 

missing for many candidates. Without this step, a marker may perform well in discovery work but 

fail in real clinical use. 

Another major problem is the lack of standardization across platforms. Different studies may 

use different sample handling methods, analytical platforms, normalization steps, thresholds, and 

result formats, which makes comparison difficult. This is especially important for host-response and 

multi-marker assays, where small technical differences can change the final result [16,292]. 

7.2. Practical Deployment Issues 

Even when an assay has good laboratory performance, it may still be hard to use in practice 

[119,293,294]. Turnaround time must be short enough to affect treatment, infection control, or referral 

decisions, and the cost must be realistic for the health system where the test will be used. Tests that 

need complex preparation, many manual steps, or special expertise may not fit busy clinical 

workflows [293,294]. 

Infrastructure is another key issue [119,293,294]. Centralized laboratories can support complex 

instruments, trained staff, quality systems, and digital reporting, but these resources are not always 

available outside major centers [293,294]. In low-resource settings, diagnostics often need to be 

simple, robust, affordable, and usable with limited electricity, limited cold chain, and limited 

laboratory support [119,293]. For infectious diseases, implementation success depends not only on 

the assay itself, but also on whether the full testing pathway can work in the intended setting 

[119,293,294]. 

7.3. Regulatory and Quality-Assurance Considerations 

Analytical novelty alone is not enough for adoption [292,295]. A new assay or biomarker may 

be scientifically interesting, but regulators and health systems also need evidence that it supports its 

intended clinical use and adds value compared with current care. In other words, strong analytical 

performance must be matched by clear clinical performance and meaningful clinical utility [292,295]. 

Standardization and harmonization are also important after a test enters practice. Results should 

be as consistent as possible across sites, operators, and time periods, which requires clear procedures, 

quality controls, and comparable reporting systems [295,296]. Post-implementation quality 

monitoring is also essential and should include complaint review, adverse event reporting, corrective 

action, and continuing surveillance of test performance in real use [296]. 
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7.4. Equity and Global Access 

Access to good diagnostics is still uneven across the world [263,294,297]. Many endemic and 

neglected infections affect populations with the weakest laboratory systems, so the places with the 

greatest need often have the least access to reliable testing. This gap can delay diagnosis, support 

empirical treatment, and weaken disease control efforts [263,294]. 

Point-of-care access is especially important in resource-limited settings. For these settings, 

infectious disease diagnostics should not only be accurate, but also affordable, rapid, easy to use, and 

linked to treatment pathways and supply systems [119,263,293]. Wider access will require better 

alignment between diagnostic design, health-system needs, and national planning for essential in 

vitro diagnostics [263,297].Point-of-care accessand Over the Counter Self tests in resource-limited 

settings. 

8. Future Directions 

8.1. Future Directions 

Future infectious disease diagnostics will likely move from single markers toward patient-

specific and context-specific biomarker signatures. In practice, the same assay may need different 

interpretation depending on age, immune status, syndrome, sample type, and stage of disease. Host-

response and multi-marker approaches are already moving in this direction, but future work must 

make these signatures faster, simpler, and more reliable in real patient populations [15,298]. 

8.2. Artificial Intelligence and Computational Integration 

Artificial intelligence will likely become more important in the interpretation of complex 

infectious disease data. Machine-learning models can combine several markers at the same time, such 

as transcriptomic, proteomic, metabolomic, and clinical variables, and turn them into one clinically 

useful output. Digital decision-support tools may also help decentralized sites use advanced tests 

more safely, but this will require good training data, external validation, interoperability, and careful 

control of bias [299,300]. Indeed, combining biomarkers with pathogen specific biomarker greatly 

enhances specificity mathematically. Mock example, a CRP elevation test sand a specific antibody: 

Test 1 Specificity: 95% ( false positive rate); Test 2 Specificity: 90% ( false positive rate) Combined 

Specificity = 1-(0.05 X 0.10)=1-0.005=99.5% For some diseases with a need for better tests this may be 

the most useful approach. 

8.3. Home-Based and Decentralized Testing 

Home-based and decentralized testing will likely expand beyond simple self-tests. Future 

systems may combine self-testing, connected devices, smartphone guidance, remote result sharing, 

telemedicine review, and rapid linkage to treatment. For infectious diseases, the main goal is not only 

to give a result at home, but also to connect that result quickly to the next step in care [119,130,301]. 

8.4. Next-Generation Biomarkers 

Several next-generation biomarker classes are especially promising. Host transcriptomic 

signatures may improve separation of bacterial, viral, and noninfectious syndromes. Cell-free nucleic 

acids and extracellular vesicles may offer less invasive ways to detect infection and follow biological 

change over time. Longitudinal immune profiling may also become more useful because repeated 

measurements can show disease evolution and treatment response more clearly than a single time 

point [15,17,298,302,303]. 
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8.5. Biomarkers of Cure and Relapse Prediction 

Biomarkers of cure and relapse prediction remain one of the most important unmet needs in the 

field. This is especially clear in tuberculosis, where better markers are still needed to show true 

pathogen clearance, monitor treatment response, and identify patients at risk of later relapse. Future 

translational research should prioritize biomarkers that change during therapy, can be measured 

repeatedly, and remain reliable across different populations and settings [214,303,304]. 

9. Conclusions 

This review shows that infectious disease diagnostics are no longer limited to proving that a 

pathogen is present. This is increasingly important to distinguish between active infection, carriers 

and asymptomatic patients. Active infections typically show symptoms and shed organism according 

to their respective pathogenicity. Carriers do not show symptoms and shed organisms longer term 

in general. For example, Streptococcus pyogenes in the oral cavity. Asymptomatic run through the 

generally normal time course of infection and shed organism. However they do not have symptoms. 

For example, SARS-CoV2. In particular with molecular testing, many organisms are found on healthy 

humans and would exhibit a positive PCR test (for example see Table 1). Indeed, the ability of 

diagnostic tests to detect microbial material without always proving active disease stresses the 

importance of combined clinical symptomology with diagnostic results. 

New assays and biomarkers are increasingly being developed to answer wider clinical 

questions, including what is causing illness, how severe it is, how disease stage should be understood, 

whether treatment is working, and whether cure has truly been achieved. At the same time, the 

review makes clear that better analytical performance does not automatically lead to better patient 

care. Results must still be interpreted carefully in the setting of colonization, contamination, residual 

microbial signals, host variability, and imperfect reference standards. For this reason, the real value 

of any new diagnostic tool depends on clinical usefulness, not novelty alone. Progress in the field will 

require strong validation in real patient populations, better standardization across platforms, 

practical workflows, quality assurance, and wider access across different health systems. Looking 

ahead, the most promising advances are likely to come from integrated pathogen and host-response 

approaches, more effective decentralized testing, and reliable biomarkers for treatment response, 

cure, and relapse prediction. Overall, the field will move forward most effectively when innovation 

is matched by interpretability, clinical relevance, and equitable implementation. 
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