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ABSTRACT 
 

Urine sample validity testing is critical in medical diagnostics, forensic investigations, and 
workplace drug screening to ensure accurate and reliable results. The increasing sophistication of 
tampering methods, such as adulteration and substitution, necessitates the development of 
advanced testing techniques. This review explores the latest advancements in urine validity 
testing, including the integration of machine learning (ML) and artificial intelligence (AI) with high-
resolution mass spectrometry (HRMS) and liquid chromatography-tandem mass spectrometry (LC-
MS/MS). These technologies enhance the detection of novel chemical and biological                  
markers, such as unique metabolite profiles, polyglycole patterns, and DNA methylation              
markers (e.g., TWIST1 and NID2). The identification of new biomarkers and the application of 
multi-modal analytical approaches provide comprehensive and sensitive detection of tampering. 
Future directions in the field focus on refining these technologies, ensuring ethical data handling, 
and expanding regulatory frameworks to protect privacy and enhance the reliability of testing 
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protocols. The advancements discussed promise significant improvements in the detection and 
prevention of urine sample tampering, ensuring the integrity of testing processes across various 
applications. 
 

 
Keywords: Urine sample validity; adulteration detection; High-Resolution Mass Spectrometry (HRMS); 

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS). 

 
1. INTRODUCTION 
 
Urine sample validity is crucial in medical 
diagnostics, workplace drug testing, and forensic 
investigations. The accuracy of these tests relies 
on ensuring the sample's integrity, which can be 
compromised by adulteration, substitution, or 
dilution.  
 
Historically, urine validity has been determined 
using basic parameters like temperature, pH, 
specific gravity, and creatinine levels. However, 
with the increasing sophistication of adulteration 
methods, there is a need for more advanced 
markers and technologies to accurately assess 
sample validity. This review explores both 
traditional and emerging methods for detecting 
urine sample tampering, focusing on chemical 
and biological markers, advanced analytical 
techniques, and practical applications. 
 
The process begins by clearly defining the scope 
of the research, identifying key topics, and 
formulating precise search queries using 
Boolean operators to target relevant literature in 
databases such as PubMed, Google Scholar, 
and Scopus. Once a broad set of results is 
gathered, initial screening is conducted by 
reviewing titles and abstracts to exclude 
unrelated studies. This is followed by applying 
inclusion and exclusion criteria to filter studies 
further, ensuring they align with the research 
objectives. High-quality studies are then 
subjected to a full-text review, where critical data 
points, including methodologies, findings, and 
conclusions, are extracted for analysis. 
 
After the relevant literature is selected, it is 
organized and synthesized to provide a coherent 
overview of the topic. This involves categorizing 
the studies based on thematic similarities, 
conducting comparative analyses to identify 
trends or gaps, and critically evaluating the 
strengths and limitations of the research. By 
continuously updating the review with new 
studies and findings, researchers ensure that 
their analysis remains current and 
comprehensive. This structured approach not 
only enhances the accuracy and depth of the 

literature review but also helps in developing a 
well-informed, evidence-based foundation for 
further research. 
 

2. TRADITIONAL METHODS FOR 
VALIDATING URINE SAMPLES 
 

A freshly collected urine sample typically has a 
temperature between 32°C to 38°C. Deviations 
from this range can suggest tampering, such as 
the use of synthetic urine. The normal pH range 
for urine is 4.5 to 8.0. Significant deviations from 
this range can indicate adulteration, such as the 
addition of acids or bases to alter the chemical 
composition of the sample [1]. 
 

Specific gravity measures the concentration of 
solutes in urine, with normal values ranging from 
1.002 to 1.030. Abnormally low specific gravity 
can indicate dilution [2]. 
 

Creatinine is a metabolic byproduct found in 
urine, and levels below 20 mg/dL may suggest 
dilution, whether by water or other substances 
[3]. 
 

While these traditional markers are useful, they 
have limitations in detecting sophisticated 
adulteration methods, such as the use of 
synthetic urine products designed to mimic these 
parameters (Table 1) [4]. 
 

The assessment of specific cations and anions 
within the urine is a fundamental component of 
this testing process, as it helps to verify the 
sample's authenticity and detect any 
abnormalities that could indicate tampering. 
 

Cations, or positively charged ions, commonly 
found in urine include sodium (Na⁺), potassium 

(K⁺), and ammonium (NH₄⁺). Sodium and 
potassium are particularly important because 
they play vital roles in maintaining the body's 
electrolyte balance and cellular function. The 
concentration of sodium in urine reflects both 
dietary intake and renal regulation of salt, and 
significant deviations from normal sodium levels 
can indicate sample tampering, such as dilution 
[5]. Potassium levels in urine are generally 
stable, and fluctuations beyond the normal range 
might suggest adulteration, particularly if the 
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concentration is abnormally low, which could 
indicate dilution attempts [6]. Ammonium, a 
byproduct of protein metabolism, affects the pH 
of urine, and its presence can signal the addition 
of substances intended to alter the urine’s 
chemical properties [7]. 
 
On the other hand, anions in urine, which are 
negatively charged ions, include chloride (Cl⁻), 
sulfate (SO₄²⁻), and phosphate (PO₄³⁻). Chloride 
is the most abundant anion in urine and works in 
conjunction with sodium to maintain osmotic 
balance. Abnormal chloride levels in urine can be 
indicative of tampering, such as dilution or the 
addition of substances to mask drug presence 
[8]. Sulfate and phosphate levels in urine are 
influenced by dietary intake and the body’s 
metabolic processes. Variations in their 
concentrations can also be a sign of adulteration. 
For instance, the addition of acidic substances 
could elevate sulfate levels, while significant 
alterations in phosphate could suggest attempts 
to manipulate the sample’s pH [9]. 
 
In addition to the analysis of cations and anions, 
urine pH and osmolarity are also critical 
parameters in sample validity testing. The pH of 
urine typically ranges between 4.5 and 8.0, and 
deviations from this range can indicate 
tampering, such as the addition of acidic or basic 
substances [10]. Osmolarity, which measures the 
concentration of solutes in the urine, is another 
key indicator of sample validity. Normal urine 
osmolarity ranges from 50 to 1200 mOsm/kg. 
Anomalies in osmolarity, such as unusually low 
levels, could suggest dilution, while high 
osmolarity might point to the presence of foreign 
substances intended to alter the test results [11]. 
 

3. EMERGING MARKERS AND 
TECHNOLOGIES 
 

The field of urine sample validity testing has seen 
significant advancements with the development 
of new chemical and biological markers, as well 
as sophisticated analytical technologies. These 
innovations enhance the ability to detect 
tampering, such as adulteration, dilution, or 
substitution, which may not be identifiable using 
traditional methods. 
 

3.1 Chemical Markers 
 
3.1.1 Metabolites and biomarkers 
 
Recent studies have leveraged metabolomics—a 
comprehensive study of metabolites within 

biological specimens—to identify markers 
indicative of urine adulteration. These markers 
are often metabolites whose levels can vary 
significantly due to the addition of adulterants or 
changes in the urine's composition: 
 

• Amino Acids and Purines: For instance, 
the presence and levels of certain amino 
acids (e.g., phenylalanine, tryptophan) and 
purines (e.g., uric acid) can signal 
adulteration. An increase in amino acids 
such as histidine and a decrease in 
metabolites like uric acid have been 
associated with specific adulterants like 
potassium nitrite [12]. 

• 5-HO-isourate: This compound is a 
breakdown product of uric acid, and its 
presence in unusually high concentrations 
may indicate chemical adulteration. This 
marker, among others, is detected using 
high-resolution mass spectrometry (HRMS), 
which can identify even minute changes in 
metabolite concentrations [13]. 

 

3.1.2 Polyglycole patterns 
 

Polyglycoles are synthetic compounds that can 
be present in commercial synthetic urine 
products. These compounds, often added to 
mimic the physical and chemical properties of 
natural urine, can be detected using advanced 
techniques such as HRMS. The unique patterns 
of polyglycoles are not typically found in 
authentic urine, making them reliable markers for 
identifying synthetic urine [14]. 
 

3.2 Biological Markers 
 

3.2.1 Endogenous compounds 
 

Endogenous compounds, naturally occurring 
substances in the body, serve as critical 
indicators of urine authenticity: 
 

• Carnitines and Phenylacetylglutamine: 
The presence and ratio of various 
carnitines (such as propionyl-carnitine, 
butyryl-carnitine) and 
phenylacetylglutamine are stable in natural 
urine. Discrepancies in these levels can 
indicate adulteration or dilution, as 
synthetic or diluted samples often lack 
these biomarkers in expected 
concentrations [15]. 

 

3.2.2 DNA Methylation Markers 
 

DNA methylation markers, typically used in 
cancer diagnostics, are now being explored for 
urine sample validity testing: 
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• TWIST1 and NID2: These genes are 
commonly methylated in bladder cancer 
tissues. The detection of methylated 
TWIST1 and NID2 in urine sediments 
using methylation-specific PCR (MSP) can 
differentiate between normal and 
cancerous samples. This application not 
only aids in cancer detection but also 
ensures that the sample is derived from a 
human source, not synthetic [16]. 

 

4. ADVANCED ANALYTICAL 
TECHNIQUES IN URINE SAMPLE 
VALIDITY TESTING 

 

Advanced analytical techniques are 
revolutionizing the field of urine sample validity 
testing by providing highly sensitive, specific, and 
comprehensive methods for detecting sample 
adulteration, substitution, and other forms of 
tampering. The primary advanced techniques 
include various forms of mass spectrometry (MS) 
and chromatography, often augmented with 
machine learning (ML) and artificial intelligence 
(AI). These techniques offer a detailed molecular 
analysis, allowing for the identification of both 
known and novel adulterants, as well as the 
differentiation between authentic and synthetic 
urine samples. 
 

4.1 Mass Spectrometry (MS) 
 

Mass spectrometry is a critical tool in the 
analysis of urine samples due to its ability to 

accurately measure the mass-to-charge ratio of 
ions. This capability enables the detection and 
quantification of a wide range of substances, 
from small metabolites to larger biomolecules 
[17]. 

 
4.2 High-Resolution Mass Spectrometry 

(HRMS) 
 

HRMS provides an exceptionally high level of 
accuracy in determining the exact mass of ions, 
making it invaluable for identifying subtle 
changes in urine composition that may indicate 
adulteration. This technique is capable of 
detecting low-abundance metabolites, which are 
often used as biomarkers of tampering                
[18]. HRMS has been used to detect the 
presence of specific chemical adulterants                 
such as potassium nitrite by identifying 
characteristic metabolic byproducts like 5-HO-
isourate, a breakdown product of uric acid [19]. 
This level of detail is crucial for identifying 
adulteration that might go undetected by 
traditional methods. 
 

4.3 Quadrupole Time-of-Flight (QTOF) MS 
 
QTOF MS combines quadrupole mass 
spectrometry with time-of-flight analysis, 
providing both high resolution and mass 
accuracy. It is particularly useful for untargeted 
metabolomics studies, where the goal is to profile  

 
Table 1. Dilution, Adulteration, Substitution of Urine Specimen [4] 

 

Urine States Description 

Diluted - Urine creatinine ≥ 2 mg/dL but < 20 mg/dL 
- Specific gravity > 1.001 but < 1.003 

Substituted - Urine creatinine < 2 mg/dL 
- Specific gravity < 1.001 or > 1.020 

Adulterated - pH < 3 or > 11 
- Nitrite concentration > 500 mcg/mL 
- Chromium concentration > 50 mcg/mL 
- Presence of: Halogen (bleach, iodine, fluoride), glutaraldehyde, 

pyridine, surfactant 
 

 
 

Fig. 1. 5-Hydroxyisourate chemical formula [13] 
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all measurable metabolites in a sample [20]. 
QTOF MS has been utilized in the detection of 
synthetic cannabinoids in urine [21]. This 
technique allows for the identification of both the 
parent compounds and their metabolites, 
facilitating the differentiation between synthetic 
cannabinoids and naturally occurring substances 
in the body [22]. 
 

4.4 Chromatography Techniques 
 

Chromatography, often used in conjunction with 
MS, enhances the separation of complex 
mixtures into individual components, enabling 
more precise analysis. 
 
4.4.1 Liquid Chromatography-tandem mass 

spectrometry (LC-MS/MS) 
 
LC-MS/MS is one of the most powerful 
techniques in analytical chemistry, combining 
liquid chromatography for separation with 
tandem mass spectrometry for identification and 
quantification [23]. This method provides high 
specificity and sensitivity, making it ideal for 
detecting low concentrations of substances in 
complex biological matrices [24]. LC-MS/MS has 
been instrumental in distinguishing between 
authentic and synthetic urine. The technique can 
identify specific biomarkers, such as polyglycoles 
and other exogenous compounds, that are 
typically absent in natural urine [25]. This method 
is also used to detect a wide range of drugs and 
their metabolites, making it essential for forensic 
and clinical toxicology [26]. 
 
4.4.2 Gas Chromatography-mass 

spectrometry (GC-MS) 
 
GC-MS combines gas chromatography with 
mass spectrometry and is highly effective for the 
analysis of volatile and semi-volatile compounds. 
This technique is particularly useful in the 
identification of synthetic substances that may be 
added to urine samples [27]. GC-MS has been 
used to detect synthetic cannabinoids, which are 
often volatile and can be easily separated using 
gas chromatography. The subsequent mass 
spectrometry analysis provides detailed 
information on the molecular structure, aiding in 
the identification of these compounds [28]. 
 

5. MACHINE LEARNING AND ARTIFICIAL 
INTELLIGENCE 
 

The integration of machine learning (ML) and 
artificial intelligence (AI) with advanced analytical 

techniques enhances the analysis of complex 
datasets. These technologies can identify 
patterns and correlations that may not be 
immediately apparent, providing deeper insights 
into the data. 
 

5.1 Applications in Urine Sample Testing 
 

• Pattern Recognition and Classification: 
ML algorithms, such as artificial neural 
networks (ANNs) and random forests, can 
classify urine samples based on their 
chemical profiles. These models are 
trained on large datasets and can 
accurately predict the authenticity of a 
sample by recognizing patterns associated 
with tampering [29]. 

• Predictive Modeling: AI models can 
predict the likelihood of a sample being 
adulterated based on the presence of 
specific markers. For instance, a study 
employed a machine learning model that 
analyzed features extracted from HRMS 
data to detect chemically adulterated urine 
samples with high accuracy [30]. 

 

6. COMBINED APPROACHES AND 
MULTIMODAL ANALYSIS 

 

The most robust approaches to urine sample 
validity testing often involve combining multiple 
analytical techniques. By integrating different 
methods, such as LC-MS/MS and HRMS, 
researchers can cross-verify results and ensure 
comprehensive coverage of potential adulterants 
[31]. In one study, the combination of enzymatic 
detection of uric acid, LC-MS/MS analysis, and 
specific commercial tests like the Axiom Test 
True Synthetic Urine, provided a multifaceted 
approach to identifying synthetic urine samples. 
This multi-modal strategy ensured high sensitivity 
and specificity, covering both direct and indirect 
markers of urine substitution [32]. 
 

7. CASE STUDIES AND APPLICATION 
 

A study by Vikingsson et al. [33] investigated the 
use of synthetic urine to evade drug testing. The 
researchers analyzed samples using traditional 
tests, which failed to detect the synthetic nature 
of the urine. However, advanced techniques like 
LC-MS/MS profiling and the detection of specific 
biomarkers, such as polyglycole patterns, 
successfully identified synthetic samples. This 
study underscores the limitations of traditional 
validity tests and the need for advanced 
methodologies. 
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Steuer et al. [34] conducted a proof-of-concept 
study using high-resolution mass spectrometry 
(MS) to detect chemical adulteration in urine 
samples. By analyzing metabolite changes, they 
identified specific markers, such as amino acids 
and purines, indicative of adulteration with 
potassium nitrite. This study demonstrated the 
potential of metabolomics in identifying a broad 
range of adulterants, paving the way for routine 
MS screening procedures. 
 
Renard et al. [35] explored the use of DNA 
methylation markers for detecting bladder cancer 
in urine samples. They identified the methylation 
of TWIST1 and NID2 genes as highly sensitive 
and specific markers. The study showed that 
these markers could detect early-stage and low-
grade bladder cancer, illustrating the broader 
application of urine biomarkers in both clinical 
and forensic settings. 
 
Franke et al. [36] compared three methods for 
distinguishing authentic urine from synthetic 
urine, including enzymatic detection of uric acid 
and LC-MS/MS analysis. The study found that 
LC-MS/MS provided the highest sensitivity and 
specificity, accurately identifying synthetic 
samples that traditional methods could not 
detect. This study highlights the importance of 
combining different analytical techniques for 
comprehensive testing. 
 

Streun et al. [37] developed a machine learning 
model using high-resolution MS data to detect 
chemically adulterated urine samples. The model 
achieved high accuracy, sensitivity, and 
specificity, demonstrating the potential of 
combining advanced analytical techniques with 
machine learning for effective adulteration 
detection. 
 

Mogler et al. [38] focused on the detection of 
synthetic cannabinoids (SCs) in urine samples. 
They utilized LC-MS/MS to identify specific 
metabolites, demonstrating the method's 
effectiveness in detecting recent SC use. This 
study is crucial for forensic toxicology, where 
detecting emerging drugs of abuse is a 
continuous challenge. 
 

Li et al. [39] developed a urine preservative kit to 
maintain the integrity of circulating cell-free DNA 
(cfDNA) in urine, which can be used for detecting 
genomic alterations in cancer. The kit 
demonstrated excellent preservation of cfDNA, 
enabling accurate genomic testing from urine 
samples even after prolonged storage under 
various conditions. This study highlights the 

potential of non-invasive urine testing for cancer 
diagnostics. 
 

Lam et al. [40] evaluated urinary 3-
methoxytyramine as a biomarker for 
neuroblastoma, comparing its diagnostic 
performance with other established 
catecholamine-related biomarkers. The study 
found that urinary 3-methoxytyramine was a 
reliable marker, correlating well with disease 
activity and offering a non-invasive method for 
monitoring neuroblastoma. 
 

Gauchel et al. [41] explored the use of low-
molecular-mass polyethylene glycols (PEGs) as 
enteral labeling markers for detecting urine 
adulteration. They developed an isocratic 
reversed-phase high-performance liquid 
chromatographic method to monitor the renal 
excretion of PEGs, providing a novel approach to 
detecting sample substitution. 
 

Aldubayyan et al. [42] developed an LC-MS/MS 
method for detecting synthetic cathinones and 
their metabolites in urine. This method was 
particularly useful for identifying cases of 
polydrug use, where synthetic cathinones were 
present alongside other stimulant drugs. The 
study highlights the need for comprehensive 
screening to detect a wide range of substances 
in forensic and clinical toxicology. 

 
8. CHALLENGES AND LIMITATIONS 
 
The adoption of these new markers and 
technologies faces several challenges: 
 
Advanced analytical techniques like MS and LC-
MS/MS require specialized equipment and 
trained personnel, potentially limiting their routine 
use in some settings. 
 

The collection and analysis of biological samples, 
especially in forensic and workplace settings, 
raise ethical questions about privacy and 
consent. 
 

Despite their high specificity, advanced markers 
can still yield false results if not applied and 
interpreted correctly. This underscores the need 
for stringent validation and standardization of 
testing protocols. 
 

9. FUTURE DIRECTIONS IN URINE 
SAMPLE VALIDITY TESTING 

 
The field of urine sample validity testing is 
evolving rapidly, driven by advances in 
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technology and a deeper understanding of 
biochemical markers. Future directions in this 
field focus on improving the accuracy, efficiency, 
and comprehensiveness of testing methods. This 
involves the integration of novel biomarkers, 
advanced analytical techniques, ML and AI, and 
innovative testing methodologies. These 
advancements aim to address the current 
limitations and anticipate emerging challenges in 
detecting urine sample tampering, ensuring more 
reliable results in medical, forensic, and 
workplace contexts. 
 
The development of new biomarkers is essential 
for enhancing the accuracy of urine validity 
testing, focusing on differentiating between 
natural and adulterated samples. Key areas 
include identifying unique markers in synthetic 
urine, such as specific chemical additives and 
stabilizers, as well as changes in metabolite 
ratios that indicate dilution or tampering. DNA 
methylation patterns, like those in TWIST1 and 
NID2 genes, offer potential for highly specific 
verification of urine's biological origin. Future 
research will likely uncover more metabolites and 
biochemical pathways uniquely affected by 
tampering, expanding the range of detectable 
adulteration methods. 
 
Advancements in analytical techniques, 
particularly HRMS and enhanced 
chromatography methods, aim to improve the 
detection of low-abundance metabolites and 
synthetic compounds. These improvements, 
along with the development of tandem 
techniques like LC-QTOF-MS, promise                 
quicker and more detailed analyses. There is 
also a move towards more comprehensive, multi-
modal testing protocols and non-invasive, point-
of-care testing methods, which provide 
immediate results without extensive lab 
processing.  
 

10. CONCLUSION 
 
Urine sample validity testing is crucial for 
maintaining the integrity of medical diagnostics, 
forensic investigations, and workplace testing. 
The evolution from traditional methods to 
advanced chemical and biological markers, 
supported by sophisticated analytical techniques, 
represents a significant advancement in this field. 
As research continues to uncover new markers 
and refine existing technologies, these 
innovations promise to enhance the accuracy, 
reliability, and comprehensiveness of urine 
sample validity testing. 
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