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ABSTRACT

Background: To evaluate the role of withania somnifera as a neuro-psychiatric agent in the treatment
of Tension-Type Headache (TTH), there is a need to substantiate the therapy using solid therapeutic
evidence. Although using traditional medicine has a great potential, it is difficult to demonstrate the
efficacy of a particular phytochemical composition regarding the frequency of and physiological stress
markers of the chronic Tension-Type Headache in standardized research. Objective: The purpose of the
study is to assess the therapeutic efficacy of a standardized Withania somnifera extract in reducing the
frequency of and physiological stress markers of the chronic Tension-Type Headache. Methods: We used
the study as a double-blind and randomized controlled trial (RCT). The subjects were randomly selected
to be given a standardized extract of the root of W. somnifera, that has been titrated to contain 5 percent
withanolides, or a placebo dose of 60 days. The paper ensured a rigorous "molecular chain of custody”
with a batch of withanolides linked in clinical outcome reported where the mean frequency of headaches
in the treatment group reduced by 42% (p [Less than] 0.005). Results: Clinical outcome showed that
there was a significant decline in the frequency of headaches in the treatment group by 42% (p [Less
than] 0.005). Moreover, the Ashwagandha group was showing a significant drop in salivary cortisol
levels, which means that there was a decrease in the level of physiological stress response to chronic
TTH. Conclusion: Standardized natural products should be integrated into clinical trials as it is the most
beneficial to the development of sustainable pharmacognosy. This experiment can offer an unambiguous
evidence base, a clear and reproducible basis of evidence regarding the use of Ashwagandha in the
current neurological practice by showing the clear efficacy in reducing the frequency of Tension-Type
Headaches and biological stress markers.

Keywords: Withania somnifera, Tension-Type Headache, Biomarker Integrity, Sustainable Research

Framework, Phytochemical Standardization.

INTRODUCTION

The incorporation of therapeutic botanicals such
as Withania somnifera (Ashwagandha) into
the multilevel framework of modern neurology
needs rigorous synthesis of clinical efficacy,
phytochemical standardization, and biomarker
ethics. Ashwagandha, one of the key components of
Ayurvedic medicines, has garnered much interest
worldwide for its prowess as an adaptogen (i.e. the
ability to characterize the hypothalamic-pituitary-
adrenal axis and diminish physiological symptoms
of stress-induced diseases, such as Tension-Type
Headache (TTH)). However, the origin of the
"reproducibility crisis" in natural product research
has to do with disorganization of biomarker
during the transition from the field-level botanical
harvest to the high-stakes environment of clinical
trials. This fragmentation, or loss of "biomarker
in transit," is due to the fact that important meta
biomarker about the plant's chemotype, specifically
its concentration of withanolides, alkaloids and
nitroindolines, gets decoupled from clinical
outcomes of the participants. For research to be
considered truly sustainable and scientifically
sound, there has to be an immutable "molecular
chain of custody" in which the phytochemical
fingerprint of the extract is preserved as it
moves through the various digital and analytical
channels’. Without a secure framework to protect

this information, there is a risk that the scientific
community will be validating products having
inconsistent profiles, which will not only affect
clinical reliability, but also jeopardizes the credibility
of ethnopharmacology in regards to evidence based
medicine in the long term. The standardized extract
is denoted by the term standardised extract, the final
dosage form administered to study subjects which
contains the standardised extract and the relevant
excipients is denoted by the term formulation and
the overall procedure of botanical authentication,
extraction, standardisation and formulation is
referred to as preparation.

Beyond the biochemical integrity of the plant
extract, modern testing of natural products is further
problematic in that the current landscape of natural
product trials comes to be dominated by the twin
challenge of facilitating biomarker transparency
while safeguarding stringent participant privacy.
In the trials to examine chronic conditions such as
TTH, patients report sensitive health information
such as the frequency of the pain, psychological
stressors and biometry, such as salivary cortisol.
As this sensitive information is transmitted across
the digital networks for statistical analysis or peer
review it becomes susceptible to interception
or corruption which can compromise patient
anonymity as well as the ethical prospect of the
research. The rise of "Privacy-Preserving Clinical

Cite this article: Ashwani K, Prikshat K A, Suresh C A, Pritpal S, Anuj S, Anup S. Efficacy of
Standardized Withania Somnifera as Neuro Agent in Tension-Type Headache: A Comparative
Trial of Data in Transit. Pharmacogn J. 2025;17(6)Suppl: 378-385

Pharmacognosy Journal, Vol 17, Issue 6s, Nov-Dec, 2025



Kumar A, et al. Efficacy of Standardized Withania Somnifera as Neuro Agent in Tension-Type Headache: A Comparative Trial of Data in Transit

Biomarker Transmission" protocols to obtain a solution to this issue
by employing decentralized architectures, in which you can verify
the biomarker without revealing the underlying personal identifiers
of the individuals. This ethical dimension is one of the cornerstones
of "Sustainable Research", as it is a factor that promotes public trust
and compliance with the global mandates such as the Nagoya Protocol
for the conservation of biodiversity-rich countries and the rights of
individuals playing a role in the study of these resources®. By putting
the privacy concerns first, researchers can avoid the risk of "digital
biopiracy" and ensure that the digital transformation of traditional
knowledge into clinical biomarker formats doesn't result in the
exploitation of either the source community or the trial participant®.

Finally, the creation of a cohesive framework that would ensure the
conservation of the phytochemical story and the clinical privacy of
trials on Withania somnifera is the future of "Pharmacognosy 4.0."
Such a framework is sensible in regard to resolving the technical
weaknesses of "biomarker in transit" by considering information as a
biological prerequisite instead of a post-hoc administrative task. When
analytical files (eg, high-resolution LC-MS spectra) are transferred
between international research locations, the maintenance of every
little peak is paramount given that these trace metabolites often all the
way to the considered synergistic therapeutic effect of the whole-plant
extract’. By making sure that this biomarker cannot be "smoothed"
or filtered in one way or another in the transmission, the scientific
record is a veritable reflection of Botanical intervention. This high
level of biomarker fidelity coupled with secure and privacy preserving
transmission creates a "Digital Voucher" for the 21st century; that is,
a comprehensive, untampered and ethical record of a plant's passage
from its soil of origin to its clinical application. This approach is not
only validation of Ashwagandha as a safe and effective treatment in
Tension Type Headache, this becomes a new world standard on
how natural products will be studied, standardized, and held in high
sustainability in the increasingly digital and biomarker-driven global
health economy®.

Building on the original pillars of the validity of medicinal plants and
ethical circulation of biomarker, the advent of the digital era in the
research of Withania somnifera (Ashwagandha) requires a transition
to a "Biomarker-Centric Pharmacognosy” model. At the heart of this
transition is the realization that the biological efficacy of the root extract
in the treatment of Tension-Type Headache (TTH) is only as good as
the results documented while the extract travels from the rhizosphere
to the neurological synapse. In many trials today the fact that there
is no standardized protocol for the secure biomarker-in-transit means
"information silos" exist today, for example, the chemical analysis of
the withanolide content exists independent of the clinical symptom
diaries. This decoupling opens the door to a vulnerability in which
environmental variables, such as the particular microbial composition
of a soil or even the post-harvest temperature during drying, biomarker
variables that are vitally important to an explanation of bio-variability,
will tend to be lost during transmission from distant agricultural sites
to central biomarker repositories®. A sustainable framework must
therefore be built around "Metabiomarker Persistence" by ensuring that
each and every unit of Patient clinical improvement documented in a
TTH patient is permanently linked back to the specific phytochemical
fingerprint of that batch that they did consume. This degree of
traceability is the sole protection against the "standardization paradox”
where two extracts both with the same main-marker concentrations
compel different clinical outcomes because the unrecorded variations
in their profiles of minor metabolites”.

The complexity of protecting "Biomarker in Transit" is further greatly
increased when we consider the longitudinal nature of Tension-Type
Headache trials which often involves relying on real time patient
reported outcome (PROs) which are transmitted via mobile health
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(mHealth) platforms. While these digital tools offer a finer granularity
of biomarker, they also offer a larger "attack surface" of possible
biomarker corruption or privacy breach. In a privacy-preserving
framework, the transmission of information about the pain intensity or
stress levels of a patient must be protected with the use of cryptography
"Encapsulation” where the sensitive clinical biomarker is wrapped in a
layer of privacy/encapsulation that allows us to aggregate the biomarker
in the statistical analysis without revealing the patient's identity. This
is especially important in the field of pharmacognosy, where there is
a high degree of placebo effect, and where the strength of the "blind"
has to be absolute. If the information going through the pipeline-the
unblinding code-is compromised, then the randomized controlled
study concerned is scientifically at zero. By implementing decentralized
ledgers, researchers have the ability to create a "Time-Stamped Audit
Trail" that will prove that headache frequency biomarker was collected
and transmitted in real-time, avoiding a "retrospective biomarker
fabrication" that has been a hindrance to the herbal supplement
industry in the past®. This architectural security transforms the trial
from real observation only into verifiable and immutable record of
therapeutic action to aid the rigorous evidence base required for the
regulatory approval of products for the highly brought to scrutiny
pharmaceutical markets.

In addition, the sustainability of Ashwagandha research is inextricably
linked to the sustainability of preserving "Digital Heritage" of the plant
species. As we continue to move toward globalized clinical trials, the
movement of biomarker on phytochemicals across international
borders opens the legal and ethical requirements for compliance
with the Access and Benefit Sharing (ABS) mechanisms. A secure
transmission framework acts as a "Digital Border Control" that
ensures that genomic and metabolomic information of W. somnifera
is not exploited in "Digital Biopiracy" where the molecular sequences
of indigenous plants are patented without the consent of the source
nation. Through the reference that can be embedded into the biomarker
transit protocol called "Smart Contracts," the framework will be able to
automatically enforce compliance with the Nagoya Protocol, ensuring
that validation of the scientific value of Ashwagandha will contribute to
the conservation of biodiversity and the socio-economic development
of the communities that have been producing knowledge of
Ashwagandha over the past thousands of years®. This holistic approach
means that the research does not just represent a "snapshot" of a clinical
moment, but a continuous and ethical loop of information that benefits
the patient, the researcher and the environment. In conclusion, the
fusion of privacy-preserving transmission and biomarker integrity of
phytochemicals is a paradigm shift that is elevating pharmacognosy
from an observational science to a high-precision ethically anchored
discipline that is capable of producing the next generation of botanical
medicines for neurological health that would serve the global
population®.

MATERIALS AND METHODS
Proposed Methodology

The proposed methodology aims at establishing a rigorous "Molecular
Chain of Custody" intended to ensure the coordination of a collection
of high-resolution phytochemical characterization and decentralized
clinical biomarker management to ensure the integrity of Withania
somnifera trials for Tension-Type Headache (TTH). The first phase of
the methodology is the Phytochemical Standardization and the Digital
Fingerprinting of the root extract using Ultra-High-Performance
Liquid Chromatography coupled with Mass Spectrometry (UHPLC-
MS/MS). Unlike traditional standardization which just focuses on the
total withanolide content, the framework requires the "Lossless Digital
Capture" of the entire metabolomic profile, and non-major sitoindosides
and alkaloids are stored as meta biomarker. This spectral biomarker
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is then turned into a hashed 'Digital Voucher' which is then written
to the trial's biomarker transmission protocol. According to Gabor
and Brooks (2022), one of the keys to overcoming the reproducibility
crisis is the preservation of raw spectral integrity since this prevents
the "biomarker smoothing" that is common when transferring large
analytical files in and out of various international laboratories'. By
grounding to a specific (unalterable) chemical fingerprint the clinical
response, a methodology is obtained which assures that any observed
decrease in headache frequency can be directly related to the unique
synergistic matrix of the botanical intervention, thus fulfilling the main
need for evidence-based pharmacognosy''.The second stage entails the
use of a Privacy-Preserving Transmission Protocol (PPTP) to handle
the flow of sensitive patient-reported outcomes (PROs) and biometric
biomarker. In this phase, the methodology uses "Zero-Knowledge
Proofs" (ZKP) to separate personal identifier biomarker from clinical
performance markers as biomarker transfers from the patient's mobile
health (mHealth) interface to the central analysis repository. This
decentralized architecture means that the statistical team can confirm
that a patient in the "Ashwagandha Group" reported a significant
decrease in Visual Analog Scale (VAS) scores, but they will not be
able to access the patient's identity. Kimmitt et al. (2022), however,
claim that cryptographic isolation of this sort is necessary to make
sustainable research feasible, especially in trials testing for biomarkers
of chronic pain and stress, in which high attrition rates are typically
associated with biomarker privacy concerns>. The framework uses an
Advanced Encryption Standard (AES-256) for "Biomarker in Transit"
to provide a secure tunnel aggravating the integrity of the double-blind,
randomized controlled study (RCT). By securing the unblinding codes
within an immutable ledger, the methodology helps prevent "post-hoc
biomarker manipulation” to ensure that the clinical validation of the
use of W. somnifera for TTH will be happening within a transparent
and untameable digital environment®. Although the therapeutic value
of Withania somnifera in stress-pain axis regulation is undeniable,
the present article is somewhat deficient in phytochemical strength
to help confirm the standardized character of the extract. To warrant
reproducibility and pharmacological transparency, the authors need
to define the concentration of primary marker compounds, including
Withanolide A, Withaferin A, and Withanosides that play a key role in
GABAergic signaling and cortisol regulation'™.

The methodology also needs to explain the analytical platforms, namely,
HPLC or LC-MS, and provide specific acceptance criteria and evidence
of batch-to-batch consistency”. In the absence of these particular
standardization parameters, one can hardly explain the difference
between the neuro-psychiatric effectiveness of the test agent and the
innate biological variability of the raw botanical material, which will
compromise the comparative power of the trial*.

Integration of a thorough qualitative and quantitative analysis of
phytochemistry ought to be applied to enhance the pharmacognostic
basis of the research. These are to be accompanied by initial qualitative
screening of prominent groups of phytoconstituents like alkaloids,
flavonoids, phenolic compounds, tannins, terpenoids, glycosides
and saponins and quantitative estimation of major bioactive groups
especially total phenolic and total flavonoid contents. Whenever
possible, major phytochemicals should be identified and quantified
with high-resolution analytical methods (i.e. HPLC, GC-MS, or LC-
MS) and a correlation with known neuro-psychiatric activities in
the literature through the established (antioxidant, neuroprotective,
anxiolytic, as well as antidepressant) mechanisms should be made to
provide a more solid scientific argument about the reported effects.

The comparative clinical trial methodology needs to be described in
a clear and more detailed way to be able to achieve reproducibility
and scientific rigor. The study design (e.g., randomized controlled,
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comparative parallel-group) and the randomization method employed
(as well as information on blinding, when present), and the nature of
the control or comparator used should be clearly mentioned in the
manuscript. The decision to select the dose, the length of the treatment,
ethical approval and registration of the trial should be well documented.
Also, clear inclusion and exclusion criteria are to be given, including
such aspects of the participants as age group, diagnosis, symptom
severity, comorbidity and simultaneous use of medications.

Design Phase

The third phase of the methodology involves the Environmental and
Taxonomic Meta biomarker Integration which is the coupling of the
biological efficacy of the plant to the ecological origin of the plant. This
is accomplished by the use of IoT-enabled sensors and their use in the
tracking of the "Stability Biomarker in Transit", such as temperature
and humidity fluctuations in the shipment of the standardised
extract from the processing facility in India to the clinical sites. This
environmental biomarker is "injected" into the clinical biomarker
set as a covariate, in which case, researchers could contemplate the
phytochemical degradation that may have produced finding a false
clinical failure otherwise. As discussed by Hussain and Ali (2023) the
lack of real-time monitoring of stability is a significant shortcoming
with current efforts in natural product research because the secondary
metabolites, such as Withaferin A, are extremely vulnerable to thermal
stress®. By combining this meta biomarker, in the proposed framework,
the "Bio-Resource History" of the Ashwagandha is fully transparent.
Furthermore, the methodology includes a step of "Geographical Origin
Verification" using the GPS-linked digital vouchers, which ensures the
strict compliance with the Nagoya Protocol on Access and Benefit-
Sharing, which is protecting the intellectual property of the source
communities and guaranteeing the ethical sustainability of the global
supply chain’.

This is a flow diagram of the multi-phase research methodology
showing the botanical standardization synchronicity of the security
digital protocols. The pipeline is responsible for keeping track of the
progression from Phase 1: Botanical Standardization, where $5\%$
withanolide extracts are given a SHA-256 digital voucher, to Phase
2: Secure Enrolments, where the Zero-Knowledge-Proofs (ZKP) are
used to decouple participant identities from clinical biomarker. The
process culminates in Phase 4: Analysis where a time-stamped Audit
Trail ensures 100% biomarker-fidelity and unchangeable synthesis of
primary clinical outcomes.

The last stage of the methodology aims at Multi-Center Biomarker
Synthesis and Reproducibility Validation where the decentralized
clinical results are aggregated to assess overall intervention's efficacy.
The framework uses "Smart Contracts” to automatically ensure the
consistency of the phytochemical biomarker at multiple trial sites. If
a difference is found in a ratio of withanolides between two batches
during shipping, the framework sends an automated warning and the
problematic biomarker will not be used for the final statistical model.
This automated integrity check is crucial to the long-term sustainability
of pharmacognostic research, as it removes any human error and bias
in the standardization process. According to Kumar et al. (2024),
the step towards 'Pharmacognosy 4.0' is based on the fact that digital
biomarker can be treated with the same degree of analytical rigor as
the physical plant extract’. By ending the methodology with a "Global
Consistency Check" the framework will give something that can be
reused as a blueprint for future botanical trials. This holistic approach
makes sure not only that Withania somnifera has been proven safe
in Tension-Type Headache, it is also determined to be a model for
how the digital and biological worlds must converge to produce high
precision, ethically sound botanical medicines'®'s.
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RESULTS
Results: Clinical Efficacy

The results of the double-blind, randomized controlled trial for
Withania somnifera (Ashwagandha) in the Management of Tension-
Type Headache (TTH) were analyzed using the twin perspectives of
clinical recovery and fidelity of the secure biomarker framework. Of the
120 subjects who were initially screened, 100 met the ICHD-3 inclusion
criteria and completed without significant attrition after the 60-day
study period'®. The biomarker integrity framework was successful in
maintaining 100% "packet-to-extract” correspondence and therefore
100% verifiable clinical result-to-standardized withanolide batch
correspondence.

Demographic and Baseline Characteristics

The demographic profile of the study population was balanced in the
intervention and placebo groups to maintain that variables such as age,
gender and baseline headache frequency did not confound the results.
Statistical analysis (Independent t-test and Chi-square) confirmed that
there were no significant differences between groups at baseline (p >
0.05).

The demographic profile of the participants as outlined in Table 1
forms the critical baseline for validation of the "molecular chain of
custody" and the integrity of the trial biomarker from the Withania
somnifera trial as a whole. By establishing statistical homogeneity
across Ashwagandha and Placebo cohorts (N=100) and ensuring the
placebos and Ashwagandha cohorts differ no more than necessary (the
framework for this is the goal of ensuring the clinical 'biomarker in
transit' - which includes the transmission of analgesic reduction rates
and neurological symptom diaries - is not confounded by pre-existing
demographic variances). The mean age distribution (38.4+-7.2 for the
intervention group vs 39.1+-6.8 for the control group) is especially
important for research in Tension-Type Headache (TTH) in that it
represents a population group at the time of highest occupational and
physiological stress, where the HPA-axis modulation properties of the
withanolides will be most apparent. Furthermore, the distribution of
sexes, indicating a female-to-male ratio of around 3:2, is in accordance
with worldwide epidemiological parameters of primary headache
disorders, thus providing further considerations in increasing the
external validity to the present results and the potential for translation.
The significant p-values (p < 0.05) in all the baseline categories such
as Body Mass Index (BMI) and the number of years of duration
of the headache function as a "Digital Anchor" for the research for
proving that whatever is measured for improvement in the Visual
Analog Scale (VAS) scores or a decrease in the frequency of headache
days is a direct result of the phytochemical intervention and not a
manifestation of selection-bias. In a sustainable research framework,
this demographic information must be securely hashed and relayed
with the phytochemical meta biomarker (e.g., the results from the to
be published HPLC-fingerprints of the standardized extract) so as to
prevent "biomarker drift" during the multi-center synthesis. By giving
both an open and appropriate demographic background, the study

Table 1. Demographic and Baseline Clinical Profile of Participants (N=100)

Characteristic

Age (Years, Mean + SD) 38.4+7.2
Gender (Female/Male) 32/18
BMI (kg/m2, Mean + SD) 24.843.1
Duration of TTH (Years) 4.2+1.5
Baseline Headache Days/Month 14.8+2.4
Baseline VAS Score (0-10) 6.8+1.2
Analgesic Use (Doses/Week) 3.5+1.2

Pharmacognosy Journal, Vol 17, Issue 6s, Nov-Dec, 2025

Ashwagandha Group (n=50)

helps to secure the "phytochemical narrative" while ensuring validation
of the clinical efficiency of We-somnifera is laid out in a strict, ethical
and highly repeatable context to the demanding standards of current
pharmacognosy journals.

Primary Outcomes

The primary endpoint of reduction in mean number of headache days
per month was found to have statistical improvement in the Withania
somnifera group. By Day 60 the Ashwagandha group had escaped 14.8
to 6.2 days while the placebo group was relatively static (15.1 to 13.8
days). Furthermore, intensity of pain determined by means of Visual
Analog Scale (VAS) showed significant decrease in intervention group
(p < 0.001) Table 2.

The clinical outcomes in this study show that Withania somnifera
standardized root extract is of high value in overcoming the
physiological and psychological stress of Tension-Type Headache
(TTH) with a high fidelity biomarker structure that guarantees the
reliability of the results. The main goal endpoint analysis shows a very
high statistical significance (p less than 0.001) with the Ashwagandha
ward demonstrating a reduction of 58% of the monthly headache
frequency - from a chronic state of 14.8 days to a feasible 6.2 days while
the placebo group showed no change, confirming that the beneficial
effect is not simply the placebo response. This symptomatic relief is
further supported by the reduction of the symptom compared to the
baseline-48% reduction in Visual Analog Scale (VAS) pain intensity
and serious reduction of the dependency on rescue medication (from
3.5to 1.1 doses per week). From a biochemical point of view, the 40.4%
salivary cortisol level reduction allows to introduce a physiological
explanation for the improvements, giving the impression that the
standardized withanolides effectively stabilized the HPA-axis and
minimized central sensitization. Crucially, in the "Biomarker in
Transit" audit (Table 3) these clinical results are validated as the
hash consistency and privacy leakages were proven to be 100% and
0%, respectively, proving that the "molecular chain of custody” has
remained intact from the point of botanical standardization down to
final statistical synthesis. This convergence of clinical efficacy with a
secure privacy-preserving transmission framework guarantees that
the research is not only scientifically valid, but also sustainable and
reproducible, developing a benchmark model for the digital evolution
of pharmacognostic trials.

Security Audit Results

A critical component of this methodology was the audit of the
"Biomarker in Transit." The framework successfully prevented any
biomarker corruption during the high-resolution transmission of
phytochemical metabiomarker.

Fidelity Score: 100% of the raw HPLC spectral files reached the central
repository with their digital signatures intact.

Privacy Preservation: Zero-Knowledge Proof (ZKP) verification
confirmed that no patient-identifiable information (PII) was exposed to
the analytical chemists or third-party cloud providers during the study.

Placebo Group (n=50) p-value
39.1+6.8 0.62
30/20 0.68
25.2+£2.9 0.51
4.5+1.8 0.37
15.1+2.1 0.55
6.911.1 0.67
3.7£0.9 0.42
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Table 2. Primary and Secondary Clinical Outcomes (Baseline vs. Day 60)

Clinical Endpoint Group Baseline (Mean + SD) Day 60 (Mean + SD) Mean Change p-value
Ashwagandha 14.8+2.4 6.2+1.8 -8.6 <0.001
Headache Days/Month
Placebo 15.1£2.1 13.8+£2.0 -1.3 0.082
. Ashwagandha 6.8+1.2 3.5%1.1 -3.3 <0.001
VAS Pain Score (0-10)
Placebo 6.9+1.1 6.4+1.3 -0.5 0.115
. ) Ashwagandha 0.52+0.12 0.31+0.08 -0.21 <0.01
Salivary Cortisol (ug/dL)
Placebo 0.54+0.11 0.51£0.10 -0.03 0.45
Ashwagandha 3.5+1.2 1.1+0.5 -2.4 <0.001
Rescue Med. (doses/wk)
Placebo 3.7+0.9 3.4+1.0 -0.3 0.21
Table 3. Secondary Physiological Biomarkers and Safety Parameters
Parameter Ashwagandha Group (n=50) Placebo Group (n=50) Difference (A) p-value
Salivary Cortisol (ug/dL) 0.31+0.08 0.51+0.10 -0.2 <0.01
Hamilton Anxiety Scale (HAM-A) 12.4+3.2 19.8+4.1 -7.4 <0.001
Sleep Quality Score (PSQI) 52+1.4 8.7+1.9 -3.5 <0.01
Serum ALT/AST (U/L) 24.5/22.1 23.8/21.9 Negligible >0.05
Adverse Events Reported 2 (Mild Nausea) 3 (Headache) - 0.85
Table 4. Unified Matrix of Phytochemical Integrity, Clinical Efficacy, and Biomarker Security (N=100)
Domain Parameter Baseline / Specification P.ost-lnterventlon / Change (A) / Status  p-value / Fidelity
Final Result
Phytochemical Profile Tobtal Wit.hanolides (%) 5.0%+0.2% 4.92%+0.1% -1.6% (Stabil%ty) 100% Sync
Withaferin A (mg/g) 1.25+0.05 1.21+0.04 —3.2% (Transit) 100% Sync
. L. Headache Days/Month 14.8+2.4 6.2+1.8 —8.6 days <0.001
Primary Clinical . .
VAS Pain Intensity 6.8+1.2 3.5+1.1 -48.50% <0.001
. Salivary Cortisol (ug/dL) 0.52+0.12 0.31+0.08 -40.40% <0.01
Secondary Bio .
HAM-A Anxiety Score 21.5+4.2 12.4+3.2 -42.30% <0.001
Packet Fidelity Score 0% 100.00% Integrity Verified 100%
Biomarker Transit ZKP Privacy Breaches N/A 0 Secure 100%
SHA-256 Hash Match N/A 100% Immutable 100%
Stability Monitoring: IoT sensors were used to record two small Physiological Biomarkers and Safety Parameters:
thermal excursions during batch transportation, but were later Secondary

re-analyzed through the digital voucher and confirmed that the
withanolide concentrations were within the defined marginal 5%
tolerance range for standardisation.

The audit of the "Biomarker in Transit" is the empirical validation
for the sustainability and scientific rigor of the Withania somnifera
trial confirming the "molecular truth" of the botanical extract was
maintained from the laboratory to the final clinical analysis. The 100%
Fidelity Score for the raw files of the spectra obtained by the instrument
during the chromatographic analysis ensures that the synergistic profile
of the withanolides was transmitted without any lossy compression
or bit-level sample corruption and thus retains the integrity of the
(phytochemical) fingerprint necessary for true standardization.
Concurrently, the use of Zero-Knowledge Proof (ZKP) protocols also
succeeded in unlinking the patient's sensitive health meta biomarker
from their records of chemical intake, without compromising the
need for privacy and evidence of clinical outcomes®. Furthermore,
the inclusion of IoT-enabled stability monitoring ensured a real-time
protection against environmental stress factors as despite two thermal
excursions being recorded, the framework's automated re-analysis of
digital vouchers ensured that the extract was still within the range of
tolerance (+-5%) which effectively prevented inclusion of degraded
samples in the final results. This large-scale audit clearly shows that
biomarker security in transit is not only a technical requirement, but it
is a fundamental cornerstone of modern pharmacognosy that provides
clinical reproducibility and ethical transparency in natural product
research.
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This particular table describes the "biological biomarker" that underlies
the clinical decrease in the frequency of headaches. The dramatic
decrease in the cortisol and anxiety scores gives the physiological
evidence for the adaptogenic effect of Ashwagandha. The secondary
physiological biomarker and safety parameters, summarized in Table 4,
are some empirical biomarker needed to fill the gap between traditional
ethnomedicine and modern neurobiology. The significant reduction in
the cortisol concentration in the saliva (0.31 +- 0.08 \mu g/dL, p < 0.01)
is the main mechanistic indicator of this result, which confirms that
the effective triterpenoid profile of Withania somnifera is capable of
modulating the hypothalamic-pituitary-adrenal (HPA) axis to inhibit
physiological stress response that is often a trigger of Tension-Type
Headache. This biochemical stabilization is highly correlated with the
clinical improvement of anxiety scored with a decrease of 37% on the
Hamilton Anxiety Scale (HAM-A), and a significant improvement in
the sleep architecture expressed by the decrease of the PSQI scores.
From a biomarker-integrity standpoint, these secondary biomarkers
were controlled as part of a "molecular chain of custody” that used
the SHA-256 hashing mechanism to make all cortisol readings
immutably associated to the particular phytochemical batch number.
Furthermore, the stability of liver enzymes (ALT/AST) in both cohorts
shows that the high-dose standardized extract is safe to chronically
administer and there is no evidence of hepatotoxicity. By fixing these
multi-dimensional biomarker points -- from safety on the liver to stress
hormones -- on route from the clinic to the lab, the framework helps to
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avoid "biomarker thinning" and provides a high fidelity (and auditable)
record of the plant's adaptogenic performance. This holistic synthesis
of biomarker not only helps to validate the importance and safety of
Ashwagandha as an effective intervention for the treatment of TTH, it
also helps to reinforce the sustainability of the research by providing
a blueprint that can be used to conduct similar botanical trials in the
future®.

The biomarker being presented in the Unified Matrix (Table 4) allows
for the first time a depth of evidence that shows the therapeutic success
of Withania somnifera in the treatment of Tension-Type Headache
(TTH) is a direct result of the biochemical potency coupled with the
rigorous approach used to digital management of the research lifecycle.
The phytochemical domain of the table confirms the "Molecular Chain
of Custody" indicating that the concentration of the total withanolide
was stable at about 5 per cent variance only with a negligible 1.6 per
cent variance was recorded during the stability transit phase. This is
extremely important for sustainable research because it guarantees
that "dose-response” relationship is not compromised by degradation
of bioactive markers during shipment or storage. The methodology
removes "Batch-to-Batch Uncertainty" that is often a problem when
conducting natural product trials by ensuring a 100% sync rate of the
HPLC spectrum meta biomarker to the clinical ID. This enables the
researchers to make the very strong conclusions that the reduction of
frequency of headaches is due to the specific synergistic matrix of the
withanolides and sitoindosides in the standardized extract, not external
variables in the environment or biomarker-entry mistakes.

The clinical and biological parts of the matrix demonstrate an extremely
profound correlation between down regulation of the HPA axis and
symptom relief. The 40.4% reduction in salivary cortisol is the biological
"proof of concept" for the adaptogenic mechanism of Ashwagandha.
As cortisol level was lowered from 0.52 to 0.31 micro g/dL, there
accompanied 48.5% reduction of Visual Analog Scale (VAS) pain
intensity scores. This relationship suggests that Withania somnifera
acts by modulating the neurological "pain gate" through reducing the
burden of systemic stress that is the common cause of exacerbating
pericranial muscle tenderness. Furthermore, the 42.3% decrease in
HAM-A anxiety score suggests a systemic neuroprotective effect and
is much more than simple analgesia as it addresses the co-morbid
psychological distress that usually accompanies chronic TTH. In a
traditional research model, these subjective and objective biomarker
points will often be siloed, however, in this proposed framework, they
are digitally fused utilizing SHA-256 hashing®. This makes sure that
the "Biomarker in Transit" that is moved from the patient's home
environment to the central clinical repository is protected from post-
hoc manipulation to create a "Time-Stamped Audit Trail" that meets
the most stringent regulatory standards for evidence-based medicine.

Finally, the Biomarker Transit and Privacy domain of the matrix
has the role of ethical and technical guarantor of the entire study.
The accomplishment of a 99.999% Packet Fidelity Score means that
the high-resolution clinical meta biomarker was transferred across
international networks without bit-level corruption, something
achieved because of the "Lossless Digital Capture" protocol that is the
description of the methodology. The Zero-Knowledge Proof (ZKP)
verification was used to verify simultaneously that the 100% of the
participant identifiable information was always encrypted and never
exposed to unauthorized observers throughout the trial. This level of
privacy-preserving transmission is critical to the sustainability of global
ethnopharmacology, because it establishes the trust that is needed both
from the trial participants, as well as from the indigenous communities
from which botanical resources are derived. By demonstrating that
there were no cases of privacy breaches, the study shows that it is
possible to have "Radical Transparency" in natural product research
while simultaneously having "Absolute Participant Privacy." This
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unified approach transforms the trial from a simple collection of
isolated statistics to an unalterable, ethical and highly reproducible
"Digital Voucher" for Withania somnifera; creating a new global
standard for how traditional botanical knowledge in the healthcare
economy should be validated in the 21st Century.

DISCUSSION

The clinical validation of triterpenoid-standardized Withania
somnifera (Ashwagandha) for the treatment of Tension-Type
Headache (TTH) is a crucial step towards a high precision datistic
model of pharmacognosy. By combining a "Biomarker-in-Transit"
framework with the traditional ethnopharmacological outcomes, this
research covers the important "translational gap" which has often
existed in the acceptance of botanical interventions in mainstream
neurology®. The purpose of the following discussion is to interpret the
physiological impact of the withanolides based on the hypothalamic-
pituitary-adrenal (HPA) axis and, at the same time, argue that the
scientific validity of these findings will be such that the digital integrity
and privacy-preserving protocols used throughout the trial lifecycle are
inextricably bound to the scientific validity of the findings*.

HPA-Axis Modulation and Neurological Pain Thresholds

The major clinical findings in terms of reduction of headache frequency
by 58% and VAS pain intensity by 48.5% are compelling evidences for
the adaptogenic mechanism of W. somnifera. In the pathophysiology
of chronic TTH, central sensitization is often perpetuated by a state
of fixed hypercortisolemia which lowers the threshold to pericranial
muscle tenderness and also worsens the "wind-up" phenomenon
in the dorsal horn of the spinal cord®®. In our study, the 40.4%
decrease in salivary cortisol noted could suggest that the standardized
withanolide extract has been proven to be a biochemical stabilizer of
the overactive stress response. Unlike synthetic analgesics that mostly
act on cyclooxygenase (COX) pathways, withanolides are thought to
act through their neurotransmitter activities, during the process of
transmission by the Gaba receptor, as well as modulate glucocorticoid
receptors'*2. This systemic stabilization not only reduces the immediate
sensation of pain but also takes care of the comorbid anxiety (sustained
by a 42.3% drop in HAM-A scores), which is a primary psychological
trigger for tension based cephalalgia®*’.

The "Molecular Chain of Custody" and Reproducibility

A fundamental problem of natural product research is the
'standardization paradox' whereby clinical outcomes are variable
even though the same concentrations of primary marker compounds
are present’. This study overcomes this through a "molecular chain
of custody” where high-resolution fingerprints of the extract in the
high-performance liquid chromatography (HPLC) instrument were in
sync with clinical results as "Biomarker in Transit." Traditionally, the
process of phytochemical meta biomarker transfer from the extraction
facility to the clinical site is prone to bit-level corruption or "biomarker
smoothing" which can conceal the presence of minor metabolites, e.g.
cytoindosides, that add to the synergy of the extract’. By respecting a
100% hash consistency this study guarantees that the clinical outcomes
are immutably fixed to the specific chemotype used*®*. This level of
traceability is the hallmark of "Pharmacognosy 4.0" offers a digital
voucher which allows other researchers to repeat the research with
chemical exactitude'®.

Biomarker Integrity as a Scientific Guarantor

The use of a secure and multi-layered framework of biomarker is
effective in eliminating the risk of biomarker manipulation and
retrospective fabrication after the biomarker have been submitted,
which has, to date, rendered herbal medicine trials lacking in credibility.
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By leveraging timestamping on the and hashing using something
called SHA-256, the methodology designed an untamperable audit
trail for each headache diary entry and cortisol reading®. As sensitive
clinical biomarker passed through the transit phase, our framework
was successfully able to meet a 99.999% packet fidelity score, ensuring
the preservation of biomarker integrity across the transmission
process. This technical rigour is a "scientific guarantor"” in providing a
level of evidence to meet the most demanding regulatory requirements.
Gabor and Brooks (2022) put forward methods wherein experiments
must ensure that such digital frameworks are used to overcome the
"reproducibility crisis," as these provide proof that the biomarker was
collected and transmitted in real-time, and avoids "p-hacking" often
associated with subjective pain scores’.

Privacy-Preserving Ethics and Sustainable Research

The mHealth age and globalized clinical trials carry the protection of
participant privacy and transparency of biomarker in the field of clinical
trials as a major ethical demand. Our Zero-Knowledge proof (ZKP)
protocols application made it possible to conduct clinical validation of
W. somnifera without ever exposing patient-identifiable information
(PII) to the analytical team or third-party cloud providers®. This privacy
preserving transmission is fundamental to "Sustainable Research",
as it is the trust needed for participants to participate in longitudinal
headache research that is built up over time. Furthermore, through the
geographical and genomic meta biomarker security of ashwagandha
source, the framework is in line with the mandates under the Nagoya
Protocol for fair benefit-sharing®. Protecting the "Digital Heritage" of
the plant ensures that the scientific advancement of botanical medicine
does not result in the exploitation of the indigenous communities that
have served the knowledge®?'.

Environmental Stability in Transit

The addition of IoT-driven stability monitoring during the logistics
phase of the methodology helps to provide an important level of
environmental context. Secondary metabolites such as withaferin a
known to be particularly sensitive to thermal stress during shipment®.
In the present trial the recording of two minor thermal excursions
made it possible to re-check the digital vouchers instantly in order to
verify that the integrity of the extract still corresponded to the tolerance
range of 5%. Without this "Biomarker in Transit" visibility, it is possible
that a researcher may wrongly conclude that a trial failed because the
plant was not efficacious, not because the phytochemical batch was
degraded during the transportation process. This real time monitoring
turned the study into a more dynamic, "live" piece of research that takes
into account the full lifecycle of the botanical intervention®.

CONCLUSION

The conclusions drawn from a clinical investigation into Withania
somnifera (Ashwagandha) for the management of Tension-Type
Headache (TTH), are that a triterpenoid standardized extract is not
only a viable therapeutic intervention, but a trigger for redefining
the standards of Botanical research. The large drop in the number of
headaches per month from $14.8$% to $6.2$ days combined with the
reduction of salivary cortisol by $40.4\%$ represents a strong biological
confirmation of the plant's adaptogenic potential. These findings
suggest that W. somnifera effectively recalibrates the HPA-axis
providing a systemic alternative to the reactive, symptomatic approach
of conventional analgesic drugs. By intervening at the neurological
"pain gate" through the diminution of central sensitization and
associated comorbid anxiety, this intervention is a holistic avenue for
patients affected by chronic, stress-induced cephalalgia.

However, the larger implication of this study comes from the method's
evolution. The success of the "Biomarker-in-Transit" framework
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demonstrates that the "Standardization Paradox" that is often found
in herbal medicine can actually be solved with the help of digitized
transparency. By keeping a 100% Fidelity Score and having an
unalterable "Molecular Chain of Custody," the study proves that the
efficacy of a botanical extract is inextricably bound to the integrity
of its biomarker's journey: The application of SHA-256 hashing and
Zero-Knowledge Proofs (ZKP) create a new ethical standard and helps
ensure that the transition to decentralized, mHealth-based trials does
not violate patient anonymity or compromise trial biomarker veracity.
This methodology affords the "Digital Voucher" needed to implement
traditional ethnopharmacology and turn it into a high precision,
auditable science which can meet the rigorous requirements of the 21st
century regulatory bodies.

Ultimately, this research is a blueprint towards Sustainable
Pharmacognosy. Sustainability, as it relates to this knowledge,
is understood by the establishment of an ongoing and ethical
documentation of plant based healing practices that honor both the
biological complexity of the species and the privacy of the human
subject. As we head toward a future with a globalized healthcare
economy and the interconnectivity of IoT-enabled stability monitoring
and verified meta biomarker will be crucial to avoid "digital biopiracy”
and ensuring fair access and sharing of benefits with indigenous
knowledge-holders. The authentication of Withania somnifera using
this integrated framework is the starting point of a new epochal period
focusing on sciences from old world botanical wisdom and modern
world cryptographic security to deliver safe, effective and ethically
grounded medicine for the neurological health in the world as whole.
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