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NOVELTY STATEMENT

This paper introduces the conceptual framework and empirical evidence for replacing population-norm
comparisons with personal baseline deviation monitoring in functional health assessment. Using data from a
10-year prospective cohort (n=560), we demonstrate that the Personal Deviation Index (PDI)—comparing an
individual to their own earlier gait signature—achieves an AUC of 0.87 for predicting cerebrovascular events,
significantly outperforming population Z-score comparison (AUC 0.68; AAUC=0.19, p<0.001). This

represents, to our knowledge, the first systematic application of within-individual reference change
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methodology to functional neurological surveillance, and the first empirical head-to-head validation of personal

vs. population approaches for gait-based disease prediction.

ABSTRACT

Modern screening programmes compare individuals to population averages—a practice inherited from the
statistical conventions of 20th-century epidemiology. Yet biological variation within a person over time is
typically two to four times smaller than variation between individuals.! A clinically dangerous change in
one person may therefore be entirely invisible when assessed against population reference ranges. We
present a decade of prospective evidence from 560 individuals demonstrating that monitoring personal
gait-signature deviation—the Personal Deviation Index (PDI)—dramatically outperforms population-
norm comparison for predicting cerebrovascular disease (AUC 0.87 vs 0.68; p<0.001). We argue that this
finding reflects a general biological principle with implications far beyond gait analysis: the future of

screening lies in comparing each person to themselves, not to everyone else.

Keywords: personal baseline, biological variation, gait signature, Personal Deviation Index, precision

screening, preventive medicine, population norms, reference change value

THE PROBLEM WE HAVE NOT SOLVED

When a 58-year-old woman collapses with a stroke, the post-mortem of her medical care almost
invariably reveals a trail of normal test results. Her blood pressure was “normal”—at 134/86 mmHg. Her
MRI from three years earlier was “unremarkable.” Her gait, had anyone assessed it, would have fallen

within the broad range labelled “normal for age.”
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But here is what those results concealed: her blood pressure had risen from a lifetime baseline of 112/72.
Her brain had lost 2.3% of its parenchymal volume since age 50. Her step width had increased by 18%
and her gait symmetry had deteriorated by 14% —changes that, measured against her own earlier self,

were screaming warnings of progressive cerebrovascular disease.

The problem is not that we lack screening tools. The problem is that we ask the wrong question. We ask:
“Is this person’s result abnormal compared to other people her age?” We should be asking: “Has this

person changed from her own baseline?”

This distinction is not semantic. It determines whether we detect disease five to ten years before it
becomes catastrophic—or whether we continue the current practice of identifying pathology only after

irreversible damage has occurred.

THE BIOLOGICAL PRINCIPLE: WHY INDIVIDUAL CHANGE

OUTPERFORMS POPULATION COMPARISON

The concept of reference change values has been well established in laboratory medicine for decades.
Fraser and Harris demonstrated in their landmark work that within-individual biological variation (CVi) is
consistently smaller than between-individual variation (CVg).!? For many analytes, this ratio is dramatic:
the individuality index (CVi/CVg) is typically 0.3—0.6, meaning that conventional reference ranges span

territory two to four times wider than any single person ever traverses in health.?

The clinical consequence is straightforward: a result that is “normal” for the population may represent a
pathological departure from an individual’s habitual state. A serum creatinine of 105 pmol/L is
unremarkable by population standards—but for a person whose lifetime value has been 62 pmol/L, it

signals a 69% decline in renal function.*

This principle has been productively exploited in paediatric growth monitoring, where deviation from a

child’s personal centile trajectory triggers investigation regardless of where they fall in the population

Page 3



distribution.’ It has transformed the management of serial tumour markers, where the rate of change
matters far more than any single absolute value.® And it underpins the concept of the “athletic heart™—

where cardiac dimensions that would be pathological in one individual are physiological in another.’

Yet in functional neurological assessment—particularly gait analysis—the field has not adopted this
paradigm. The standard practice remains comparison to age- and sex-matched population norms,*’ a
practice that systematically fails to detect meaningful individual deterioration occurring within those

broad normal ranges.

Figure 1: The Masking Effect — How Population Ranges Conceal Individual Deterioration

SCHEMATIC: THE MASKING EFFECT

Population normal range for step width, ages 55-65: 2442 cm

Patient A (naturally narrow-base walker):
Baseline (age 50): 26 cm — Year 5: 29 cm — Year 10: 33 cm
PDI at Year 10: +26.9% — PATHOLOGICAL CHANGE — Detected by PDI
Population Z-score at Year 10: —0.2 (WITHIN NORMAL LIMITS) — MISSED
Patient B (naturally wide-base walker):
Baseline (age 50): 38 cm — Year 5: 38 cm — Year 10: 38 cm
PDI at Year 10: 0% — NO CHANGE — Correctly identified as stable by PDI

Population Z-score: +1.4 (BORDERLINE HIGH) — FALSE ALARM

Result: Population norms MISS Patient A (true pathology) and FLAG Patient B (normal variant).

PDI correctly identifies Patient A and correctly clears Patient B.
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GAIT: THE IDEAL TEST CASE FOR PERSONAL BASELINES

Gait is the most complex motor activity that humans perform routinely. A single walking stride integrates
cerebellar coordination, basal ganglia sequencing, cortical executive function, peripheral nerve
conduction, vestibular spatial orientation, proprioceptive feedback, cardiovascular output, and
musculoskeletal integrity.'®!! Unsurprisingly, gait deterioration is among the earliest functional
manifestations of disease across multiple organ systems—from cerebrovascular disease'? to dementia'® to

diabetes' to cardiac failure."

Critically for the personal-baseline paradigm, gait patterns exhibit precisely the biological-variation
profile that makes individual monitoring superior to population comparison. Biometric research has
established that gait signatures are sufficiently unique to identify individuals—the walking equivalent of a
fingerprint.'®!” Within-individual gait variability in healthy adults is remarkably low (coefficient of
variation <5%),'® while between-individual variability is substantial, driven by differences in limb
proportions, pelvic geometry, neuromuscular recruitment patterns, habitual posture, and cultural
movement norms. The individuality index for gait parameters is therefore highly favourable for personal

baseline monitoring.

Yet despite this biological logic, no systematic attempt has been made to apply the personal-baseline

paradigm to longitudinal gait surveillance as a tool for disease detection.

THE EVIDENCE: TEN YEARS OF PERSONAL VERSUS POPULATION
COMPARISON

1%). Participants’ gait signatures—comprising step width, symmetry index, cadence, foot angle, and eyes-
closed deficit score—were established at baseline and re-measured at years 2, 5, and 10. Clinical

outcomes (cerebrovascular events, hypertension, MRI-detected white matter disease) were ascertained

through structured follow-up.
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For each participant at each follow-up, we computed two parallel metrics:

* Population Z-Score: the participant’s value expressed as standard deviations from age- and sex-

matched population means (Approach A)

* Personal Deviation Index: the percentage change from the participant’s own baseline (Approach

B): PDI = [(Current — Baseline) / Baseline] x 100

The head-to-head comparison was decisive.

Table 1: Head-to-Head Predictive Performance for Cerebrovascular Events

AUC (95% CT)

Sensitivity

Specificity

Positive Predictive

Value

Negative Predictive

Value

Number Needed to

Screen

Statistical

Comparison

0.68 (0.61-0.75) 0.87 (0.82-0.92)
62% 82%

71% 79%

48% 71%

81% 87%

21 11

AAUC =0.19 (95% CI: 0.11-0.27); DeLong’s test: z =

4.73,p < 0.001
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The AAUC of 0.19 represents a clinically substantial improvement. The number needed to screen dropped from 21

to 11—meaning the personal-baseline approach is nearly twice as efficient at preventing events.

Figure 2: Kaplan—Meier Event-Free Survival by PDI Severity

FIGURE 2 DESCRIPTION (for production)

Kaplan—Meier curves stratified by personal gait deviation severity. Three curves diverge sharply from Year 2
onward:

Green curve: PDI <10% (stable gait) — 5-year event rate: 8%

Amber curve: PDI 10-20% (moderate deviation) — 5-year event rate: 31%

Red curve: PDI >20% (significant deviation) — 5-year event rate: 57%

Log-rank test: > = 78.4, p < 0.001. Clear dose—response: greater personal deviation = higher and earlier event

risk. The separation between curves is far more pronounced than when the same cohort is stratified by

population Z-score tertiles.

WHY PERSONAL BASELINES WIN: FOUR CONVERGING

MECHANISMS

The superiority of PDI is not accidental. It reflects four biological realities that population-norm

comparisons cannot accommodate.

1. Anatomical individuality

Each person’s gait is shaped by unique skeletal geometry: limb-length ratios, Q-angle, femoral
anteversion, foot arch height, pelvic width. A step width of 38 cm may be entirely normal for a person
with wide pelvis and long femurs, while signalling pathological widening in someone whose anatomy

dictates a 26-cm baseline. Population norms cannot capture this. Personal baselines do.
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2. The compensation window

The nervous system is extraordinarily adept at maintaining normal-appearing motor output despite
accumulating subclinical damage—a phenomenon we have described in detail as the Micro-Gait
Deviation Signature.?’ During this compensation phase, population-level parameters remain normal while

personal-level micro-deviations accumulate. Only self-referenced monitoring detects this hidden work.

3. The non-linear threshold effect

When neural compensation finally fails, gait deterioration is rapid—often crossing from “normal” to
“severely abnormal” within months. Personal baselines detect the gradual PDI drift of 10-20% that

precedes this cliff-edge event; population norms see nothing until the patient has already fallen off it.

4. The eyes-closed amplifier

Our protocol includes an eyes-closed walking condition, removing visual compensation and forcing
reliance on proprioceptive and vestibular inputs—precisely those systems affected earliest by small vessel
disease, neuropathy, and posterior circulation insufficiency.?! The eyes-closed deficit score (ECDS),
calculated as personal deterioration between conditions, proved especially sensitive: participants whose
ECDS increased by >20% from baseline had a 6.2-fold higher risk of subsequent falls (95% CI: 3.8—
10.1). This is, in effect, a functional stress test—the gait equivalent of exercise electrocardiography—and

it is inherently a within-individual comparison.

BEYOND GAIT: A GENERAL PRINCIPLE FOR FUNCTIONAL

SCREENING
Although our empirical evidence comes from gait analysis, the principle we articulate is domain-general.
Any functional measure with high within-individual stability and high between-individual variability is a

candidate for personal-baseline monitoring. Consider the following applications already supported by

existing data:
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Table 2: Domains Where Personal Baselines Could Transform Screening

Gait analysis

Blood pressure

Renal function

Cognitive tests

Cardiac output

Tumour

markers

Age-sex norms

140/90 threshold

eGFR thresholds

Age-normed scores

Population EF ranges

Absolute thresholds

PDI from personal

signature

Change from personal

mean

Personal eGFR

trajectory

Personal cognitive

decline

Personal EF change

Velocity and doubling

time

0.2-0.4

0.3-0.5

0.2-0.4

0.3-0.6

0.3-0.5

0.2-0.3

This study'’

Rothwell et al.?

Perkins et al.?

Sliwinski et al.2*

Senni et al.?®

Etzioni et al.®

In each case, the individuality index is sufficiently low that personal-baseline monitoring should, in

theory, outperform population-threshold screening. We suggest that gait analysis—where we have now

provided the first prospective head-to-head comparison—offers proof of principle for this broader

paradigm.

PRACTICAL OBSTACLES AND HOW TO OVERCOME THEM
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Three objections are commonly raised against personal-baseline approaches. Each has a clear answer.

Objection 1: “You need a baseline, which means you can’t screen people who haven’t been tested

before.”

This is true—and it is precisely the point. We argue for universal baseline establishment, ideally in
childhood (ages 7-8) when gait patterns are stable and pre-morbid.?® This is no different from the logic of
newborn hearing screening or childhood vaccination: invest once to protect for a lifetime. We have
described the infrastructure for this in our proposed Universal Gait Signature Archive and the 22-Gauge

Certificate system.?’

Objection 2: “Gait changes with normal ageing, so you cannot distinguish pathology from

senescence.”

This is addressed by the coefficient of variation within healthy age strata. In our cohort, healthy
individuals showed remarkably low within-person variability (CV <5% in those 18—40; CV §-12% in
those 40-60).'? Pathological change (PDI >10%) exceeds age-related drift by a wide margin.
Furthermore, the PDI threshold can be age-adjusted, just as reference change values are adjusted in

laboratory medicine.?

Objection 3: “The PDI requires longitudinal follow-up, which is impractical.”

The 22-Gauge Test costs nothing and takes ten minutes. It can be administered by a trained technician in
any setting—school health programmes, insurance physicals, primary care visits, community outreach. '
The logistical burden is trivial compared to the follow-up already required for mammography,
colonoscopy, or cervical screening. The key difference is that a single baseline test creates a permanent

health record applicable across multiple disease categories simultaneously.

Figure 3: The Paradigm Shift — From Population Norms to Personal Baselines
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SCHEMATIC: THE TWO PARADIGMS COMPARED

OLD PARADIGM (Population-Norm Screening)

Question asked: “Is this value normal for someone their age and sex?”’
Method: Compare to population reference range

Failure mode: Misses individual deterioration within normal range
Detection point: After end-organ damage (late)

Predictive accuracy for cerebrovascular events: AUC 0.68

NEW PARADIGM (Personal-Baseline Monitoring)

Question asked: “Has this person changed from their own earlier measurement?”
Method: Compare to personal baseline (PDI = % change from self)

Strength: Detects meaningful individual change regardless of population range
Detection point: During compensation phase, 5—10 years before clinical diagnosis

Predictive accuracy for cerebrovascular events: AUC 0.87

Improvement: AAUC = +0.19 (28% relative improvement); NNS halved from 21 to 11

A CALL TO ACTION

We are not advocating for the abandonment of population reference ranges. They remain essential for
cross-sectional screening when no baseline exists and for epidemiological surveillance. But where a
personal baseline can be established—and we argue that in the case of gait, it should be established

universally in childhood—the evidence overwhelmingly favours within-individual monitoring.
Three actions are needed:

* For researchers: We call for prospective head-to-head comparisons of personal-baseline versus

population-norm approaches across additional functional domains—cognitive testing,
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cardiopulmonary exercise, balance assessment—using the individuality-index framework to

identify those measures most suited to personal monitoring.

For clinicians: When a long-term patient’s gait, cognition, blood pressure, or renal function
changes from their established personal values—even if the absolute number remains “normal”—
treat that change as clinically significant. The patient sitting in front of you is not a population

mean; they are an individual with their own trajectory.

For policymakers: Invest in infrastructure for universal baseline establishment. The 22-Gauge
Test demonstrates that meaningful personal baselines can be captured at zero materials cost,
making population-scale implementation economically feasible.?” The return on investment—
through earlier detection, cheaper intervention, and avoided catastrophic events—has been

estimated at 32:1.%8

The mathematics of biological variation has been understood for over thirty years.! The biometric

uniqueness of gait signatures has been demonstrated for over twenty.'® The clinical data showing personal

baselines outperform population norms—by a substantial margin—are now in hand. What remains is the

institutional will to shift the paradigm.

Every patient deserves to be compared to themselves.

PANEL: KEY MESSAGES

L.

Within-individual biological variation is 2—4 times smaller than between-individual variation.

Population reference ranges are therefore too wide to detect meaningful personal change.
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2. The Personal Deviation Index (PDI)—measuring percentage change from one’s own baseline—
achieves AUC 0.87 for cerebrovascular event prediction, outperforming population Z-scores

(AUC 0.68; p<0.001).

3. PDI halves the number needed to screen (11 vs 21) compared to population-norm approaches,

doubling screening efficiency.

4. Gait analysis is the ideal testbed for personal baselines: signatures are unique (biometric
identification), within-person stability is high (CV <5% in young adults), and deterioration

reflects disease across multiple organ systems.

5. The principle extends beyond gait to blood pressure, renal function, cognitive testing, cardiac

output, and tumour markers—any measure with a favourable individuality index.

6. Universal childhood baseline establishment using the zero-cost 22-Gauge Test would create a
lifelong functional health record—transforming screening from population-threshold detection

to personal-trajectory monitoring.
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