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Abstract
As one of the most commonplace forms of trace evidence uncovered at crime scenes, human hair serves 
as a critical biological link during violent physical encounters. Historically, forensic trichology relied 
on microscopic evaluation-a technique invaluable for ruling out suspects but incapable of absolute 
individualization. However, integrating Polymerase Chain Reaction (PCR), Short Tandem Repeat 
(STR) profiling, and mitochondrial DNA (mtDNA) sequencing has revolutionized hair analysis, 
shifting it from a general class characteristic to a definitive tool for individual identification. This 
review examines the anatomical architecture of human hair, the mechanisms of DNA preservation 
within the root and shaft, and the evolutionary shift toward high-throughput genomic sequencing. 
Additionally, we address challenges such as low-template DNA and contamination risks, highlight 
cutting-edge developments in Next-Generation Sequencing (NGS) and Forensic DNA Phenotyping 
(FDP), and analyze the weight of hair evidence within modern judicial frameworks.

Introduction: The Silent Witness of Violent Crime

In forensic science, Edmond Locard’s famous Exchange Principle - which dictates that every 
physical contact leaves a trace - is perfectly exemplified by human hair. Whether a crime involves 
a physical assault, sexual offense, vehicular homicide, or burglary, the physical struggles involved 
almost always result in a transfer of hair. Because hair naturally resists environmental degradation, 
microbial breakdown, and chemical exposure far better than soft tissues or bodily fluids, it functions 
as a highly resilient biological capsule at both recent and historic crime scenes.

For generations, forensic hair analysis was restricted to visual microscopy. While experienced 
trichologists could accurately identify the species, body region, racial background, and whether a 
hair was forcibly uprooted, the process lacked the statistical weight to uniquely identify a single 
individual. The introduction of forensic DNA technologies toward the end of the 20th century 
completely transformed this domain. Today, hair is no longer viewed merely as a physical filament 
to be visually inspected; it is a genetic archive waiting to be deciphered. When collected properly 
and analyzed using nuclear or mitochondrial DNA testing, hair provides an indisputable molecular 
connection linking a suspect, a victim, and a crime scene.

Anatomy and Physiology of Hair: The Biological Blueprint

Developing an understanding of how DNA is maintained and extracted requires an examination 
of hair’s structural anatomy and growth cycles. Hair is an epidermal appendage that develops from 
an invagination in the skin known as the hair follicle.

Structural layers
A mature hair shaft is divided into three distinct morphological layers:

1. The Cuticle: The outermost protective shield, comprised of overlapping, flattened, dead 
keratinized scales. It safeguards the inner structure from physical wear and chemical damage.

2. The Cortex: The thickest intermediate layer, consisting of elongated, spindle-shaped cortical 
cells aligned along the length of the strand. This layer houses the melanin pigment granules 
responsible for hair color and contains the majority of the structural proteins.

3. The Medulla: The central core canal running through the hair shaft, which can be continuous, 
interrupted, fragmented, or completely absent.
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The hair growth cycle and DNA availability
The forensic utility of hair as a genetic source depends heavily on 

its physiological growth phase at the time it was shed or pulled. Hair 
progresses through three primary phases:

Anagen Phase (Growth): Lasting between two and six years for 
scalp hair, this is the active development period. The hair bulb is 
deeply anchored in the dermis, highly vascularized, and enveloped by 
living follicular epithelial cells. If hair is forcefully pulled out during 
this phase (such as during a struggle), it typically retains a follicular 
tag - a visible piece of tissue packed with nucleated cells that is ideal 
for nuclear DNA (nDNA) profiling.

Catagen Phase (Transition): A brief regressive window lasting 
two to three weeks where cellular growth stops. The follicle shrinks, 
and the root base transforms into a hardened, club-like shape.

Telogen Phase (Resting/Shedding): Lasting a few months, 
the hair root becomes fully keratinized and separates from the 
dermal papilla. Telogen hairs are easily cast off during routine 
actions like brushing or washing. Consequently, the vast majority 
of hairs recovered at crime scenes are telogen hairs. Because they 
lack a follicular tag and living epithelial cells, their roots contain 
highly degraded and fragmented nuclear DNA, making them ideal 
candidates for mitochondrial DNA (mtDNA) analysis rather than 
standard STR typing.

Microscopic Hair Comparison vs. DNA 
Profiling

A Paradigm Shift For more than a century, evaluating hair using 
a comparison microscope was a standard procedure in criminal 
prosecutions. Forensic analysts compared questioned hairs recovered 
from a crime scene against known reference samples from a suspect, 
looking at features such as pigment distribution, scale structures, 
medullary indices, and shaft diameters.

While microscopic analysis is still used as an initial screening step 
to confirm human origin and eliminate obvious non-matches, its flaws 
as a definitive, standalone identification method were exposed by the 
advent of DNA technology. Subsequent DNA testing on archived 
hair samples from historical cases uncovered a concerning rate of 
false associations originally made through traditional microscopy 
(Table 1).

Modern forensic standards view microscopic inspection and 
genetic profiling as complementary steps. Microscopy offers 
rapid, non-destructive context and screens out irrelevant samples, 
whereas DNA profiling provides the definitive, legally ironclad 
individualization required by the modern justice system.

Unlocking the Genetic Vault: nDNA vs. 
mtDNA in Hair Evidence

The choice of DNA analysis pathway depends primarily on the 

physical condition of the recovered hair sample (Figure 1).

Nuclear DNA (nDNA) and STR profiling
Nuclear DNA holds the complete genetic blueprint inherited 

from both parents and is unique to every person (with the exception 
of identical twins). In hair evidence, viable nDNA is concentrated in 
the root bulb and any attached follicular tissue.

When anagen hairs are secured from a crime scene—such as 
strands found clutched in a victim's hand or adhered to a weapon 
- Short Tandem Repeat (STR) profiling can be executed. Standard 
multiplex PCR kits target 16 to 24 core STR loci. Successfully 
extracting a full STR profile from a follicular tag yields random 
match probabilities exceeding one in a billion, offering definitive 
identification of the donor.

Mitochondrial DNA (mtDNA): The telogen savior
When a hair is naturally shed (telogen phase) or if only a broken 

shaft is recovered, nuclear DNA is usually absent or highly fragmented 
due to cellular apoptosis and the heavy cornification (keratinization) 
process that destroys cellular organelles. However, these samples 
remain rich in mitochondrial DNA.

Mitochondria are cellular organelles residing in the cytoplasm 
that contain their own circular genome ($\approx 16,569$ base 
pairs). While a cell contains just two copies of nDNA, it can house 
hundreds to thousands of copies of mtDNA. As the hair shaft grows 
and hardens, mitochondria become trapped within the dense keratin 
matrix of the cortex. This matrix serves as a natural protective shield, 
protecting the mtDNA from environmental damage for years.

Forensic laboratories target the hypervariable regions (HV1 and 
HV2) of the mtDNA control region. Because mtDNA is maternally 
inherited without recombination, it cannot differentiate between 
maternal relatives (e.g., a suspect, their brother, and their mother will 
share an identical mtDNA profile). However, it remains an invaluable 
tool for:

•	 Excluding suspects from an investigation.

•	 Identifying highly degraded skeletal remains or old hair 

Feature / Metric Microscopic Hair Comparison Forensic DNA Profiling (nDNA/mtDNA)

Nature of Evidence Class characteristic (primarily used as an exclusionary tool) Individual characteristic (provides high statistical certainty)

Objectivity Subjective; heavily reliant on examiner’s experience and 
interpretation Objective; relies on quantifiable genetic alleles

Statistical Weight Cannot be mathematically calculated or expressed as a probability Provides precise random match probabilities (e.g., one in 
billions)

Primary Limitation Significant variation within the same individual’s hair; risk of false 
positives

Vulnerable to low-template degradation and external 
contamination

Table 1:

Figure 1: 
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shafts.

•	 Providing investigative leads in cold cases where no nuclear 
DNA survives.

Technical Challenges and Methodological 
Advancements
The Hurdles: Keratin and contamination

Processing hair evidence presents unique laboratory obstacles. 
The primary structural protein, keratin, is packed with tight disulfide 
bonds ($\text{-S-S-}$), making the hair shaft incredibly resistant to 
traditional enzymatic digestion. If the hair strand is not completely 
lysed, the DNA remains locked inside. To address this, forensic 
extraction protocols use reducing agents like Dithiothreitol (DTT) 
combined with Proteinase K to break these chemical bonds and 
release the trapped nucleic acids.

Additionally, hair is highly vulnerable to environmental 
contamination. A strand collected at a crime scene may have skin 
cells, sweat, or saliva from multiple people deposited on its outer 
surface. Without strict pre-treatment, a resulting DNA profile might 
reflect the person who handled the hair rather than the individual 
who grew it.

Strict decontamination protocols
Prior to extraction, hair samples must undergo a rigorous 

washing process. Typically, the hair is washed sequentially in mild 
detergents, sterile water, and ethanol, or a light bleach solution ($5\%\ 
\text{NaOCl}$) to destroy any exogenous DNA clinging to the cuticle. 
These wash solutions are often saved and analyzed alongside the final 
hair extract to guarantee that the final genetic profile originated from 
inside the hair structure rather than external contaminants.

The cutting edge: Next-Generation Sequencing (NGS)
The evolution from traditional Sanger sequencing to Next-

Generation Sequencing (NGS), also called Massively Parallel 
Sequencing (MPS), has transformed mitochondrial hair analysis. 
NGS enables laboratories to sequence the entire mitochondrial 
genome (mitogenome) simultaneously rather than focusing only 
on the HV1/HV2 regions. This vastly improves the discriminatory 
power of mtDNA testing, resolving instances where unrelated 
individuals share an identical hypervariable sequence by identifying 
unique mutations in the coding region of the mitochondrial genome.

Forensic DNA Phenotyping (FDP)
When hair evidence is recovered but yields no matching profile in 

criminal databases (such as CODIS), NGS can be used to target Single 
Nucleotide Polymorphic (SNP) markers. Forensic DNA Phenotyping 
analyzes these SNPs from low-level hair DNA to predict the donor’s 
biogeographical ancestry and Externally Visible Characteristics 
(EVCs) - including eye color, hair color, skin pigmentation, and even 
genetic predispositions to male pattern baldness. This converts a 
dead-end piece of evidence into an active investigative lead.

Case Studies: Hair Evidence in Action
Case 1: The Vital Link in a Violent Homicide

In a brutal homicide case in Rajasthan, a victim was discovered 
inside a locked room with extensive defensive injuries. During the 
forensic processing of the scene, the crime scene investigation team 
discovered a few strands of hair clutched tightly in the victim's fingers. 
Initial microscopic screening confirmed the hairs were human, 

showed root stretching indicating forced pulling, and possessed 
intact follicular tags. The samples were submitted for automated 
DNA extraction and STR profiling. The resulting genetic profile was 
compared against a suspect detained on circumstantial grounds. The 
STR profile matched the suspect perfectly across all 24 loci, giving 
the prosecution an unassailable scientific link that led directly to a 
conviction.

Case 2: Resolving a Decades-Old Cold Case via 
Mitogenome Sequencing

Skeletal remains were discovered in a remote area, with a few 
strands of hair recovered from an old cap found nearby. No root tissue 
was present, and initial attempts at nuclear DNA extraction failed due 
to extreme environmental degradation. The case remained unsolved 
for two decades. Following the introduction of NGS technologies in 
advanced forensic laboratories, the hair shafts were retrieved from 
storage. The outer surfaces were thoroughly decontaminated, the 
keratin matrix was dissolved using specialized DTT/Proteinase K 
mixtures, and the entire mitogenome was sequenced. The resulting 
maternal lineage profile matched a surviving maternal relative of a 
missing person registered twenty years prior, successfully identifying 
the deceased and reopening a homicide investigation with fresh leads.

Chain of Custody and Quality Assurance: 
From Scene to Court

The legal integrity of hair evidence depends entirely on how it is 
collected, preserved, and analyzed. Because hair is small, lightweight, 
and easily lost or transferred by air currents, forensic specialists must 
follow strict operational guidelines:

Collection: Hairs should be collected using clean plastic forceps, 
gloved hands, or specialized forensic tape/vacuums depending on 
the context. They must be packaged in paper bindles (druggist folds) 
rather than plastic bags to prevent static electricity from complicating 
handling and to avoid moisture retention, which encourages fungal 
growth.

Contamination Control: Crime scene personnel must wear 
comprehensive personal protective equipment (PPE), including 
hairnets and face masks, to prevent contaminating the scene with 
their own biological material.

Chain of Custody: Every transfer of evidence must be meticulously 
documented. In a courtroom setting, any undocumented gap in the 
chain of custody allows the defense to argue that the sample was 
compromised, switched, or contaminated, potentially rendering 
definitive DNA evidence inadmissible.

Conclusion and Future Perspectives
Hair evidence has successfully transitioned from the qualitative, 

subjective era of microscopy to the quantitative digital domain 
of molecular genomics. It is no longer treated merely as a minor 
supportive asset to soil or fiber analysis, but as a primary biological 
anchor capable of resolving complex criminal cases.

As forensic laboratories across India and worldwide continue to 
upgrade their infrastructure with high-throughput Next-Generation 
Sequencing platforms, the minimum threshold required for successful 
DNA recovery from degraded hair shafts will continue to decrease. 
The capacity to extract complete maternal lineages and predict 
physical traits from a single, weathered, or centuries-old strand of 
hair ensures that this silent witness will remain an indispensable tool 
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for crime scene experts and scientific officers in the pursuit of justice.
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