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Abstract

Background: Adjuvant osimertinib markedly improves disease-free survival in resected EGFR-mutated non-small-
cell lung cancer (NSCLC). However, extended follow-up in the ADAURA trial revealed that among patients who
experienced disease recurrence, the majority of relapses manifested after planned treatment cessation at year 3,
frequently without acquired secondary genomic resistance mutations. We examined whether biophysical drug
transport limitations could establish tissue sanctuaries that shelter drug-sensitive tumor cells.

Methods: We analyzed steady-state reaction–diffusion transport in two canonical tumor micro-architectures: out-
ward perivascular cords (divergent cylindrical geometry, modified Bessel 𝐾0) and inward avascular nests (convergent
cylindrical geometry, modified Bessel 𝐼0). We derived an exact algebraic identity governing post-cessation exponential
regrowth from molecular residual disease (ctDNA, 107 cells) to radiologic detection (CT, 109 cells). We evaluated the
clinical prognostic relevance of histologic architecture in 604 resected lung adenocarcinoma patients from Memorial
Sloan Kettering Cancer Center (MSKCC 2020).

Results: In perivascular cords, outward radial diffusion of osimertinib (𝜆 = 627.6 𝜇m) produces a steep concentration
drop beneath the IC50 threshold (𝜃 = 0.35, corresponding to unbound 𝐶0 ≈ 40 nM and IC50 ≈ 14 nM) at
𝑟crit = 165.9 𝜇m. Depending on physiological oxygenation limits, a viable pharmacological sanctuary shell of width
Δ𝑟 = 34.1 𝜇m (for 𝑟ox = 200 𝜇m) or Δ𝑟 = 14.1 𝜇m (for 𝑟ox = 180 𝜇m) can persist. Under an assumed sigmoidal
dose-response (ℎ = 1.5), residual drug exposure in the shell (𝐶 ≈ 0.31–0.35 𝐶0) maintains partial target inhibition
(~45–50%), sufficient under physiological baseline apoptosis to induce near-zero net growth (cytostasis). Conversely,
in inward avascular nests, convergent geometry maintains osimertinib at 90.6%–99.4% of boundary levels throughout
viable regions (𝑅 ≤ 160–200 𝜇m), precluding small-molecule sanctuaries. For macromolecular antibody–drug
conjugates (ADCs, 𝜆 = 77.5 𝜇m), central concentration drops below 𝜃 = 0.35 only for nest radii 𝑅 > 180 𝜇m, an
architectural domain typically constrained by hypoxia and necrosis. In Monte Carlo parameter sampling (𝑁 = 10, 000
draws, log-normal priors, seed = 2), an outward perivascular sanctuary shell existed in 46.1% of parameter draws
(62.8% when 𝑟ox = 200 𝜇m is fixed). The diagnostic lead time Δ𝑡 = 𝑇𝑠 ⋅ log2(100) = 5.46 months (for doubling time
𝑇𝑠 = 25 days) is an analytical property of exponential expansion and assay thresholds, rather than an empirical
confirmation of sanctuary existence. In the MSKCC cohort (reverse Kaplan–Meier median follow-up 23.8 months,
IQR: 13.3–31.8 months), lepidic architecture was consistent with a substantially lower hazard of recurrence (4.55%,
stage-adjusted 𝐻𝑅 = 0.25, 95% CI ∶ 0.09–0.70, 𝑝 = 0.0084 vs acinar). In 10-fold Holm-adjusted pairwise comparisons,
lepidic recurrence was significantly lower than solid (𝑝adj = 0.0026) and papillary (𝑝adj = 0.0203), whereas differences
vs acinar (𝑝adj = 0.0703) and micropapillary (𝑝adj = 0.3911, unadjusted 𝑝 = 0.0559) did not achieve significance
under family-wise error control. Grouping solid and micropapillary patterns yielded an exploratory contrast of
𝐻𝑅 = 6.75 (95% CI ∶ 2.28–19.97; Firth penalized shrinkage 𝐻𝑅 = 2.60–3.42) against lepidic, based on 4 lepidic
events, whereas across the unselected cohort the hazard ratio was 1.32 (𝑝 = 0.239).

Conclusions: Small-molecule pharmacological sanctuaries are geometrically restricted to outward perivascular
cords and do not occur in avascular nests. Clinical cohort data demonstrate baseline protection associated with
lepidic growth rather than an escalating risk across compact patterns. Surveillance strategies based on molecular
lead time must be evaluated in prospective trials to rule out lead-time bias.

Keywords: Pharmacological sanctuary, Reaction-diffusion, Modified Bessel functions, Tumor cords, Non-small-cell
lung cancer, EGFR tyrosine kinase inhibitors, ADAURA, IASLC histologic grading.
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1. Introduction
Adjuvant targeted therapy with the third-generation epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor (TKI) osimertinib produces profound disease-free and overall survival benefits in patients with resected
stage IB–IIIA EGFR-mutated non-small-cell lung cancer (NSCLC) (Wu et al., N Engl J Med 2020 [1]; Tsuboi et al.,
N Engl J Med 2023 [2]). In the landmark ADAURA trial, three years of daily oral osimertinib suppressed disease
recurrence by nearly 80% during active treatment. However, extended follow-up identified an important temporal
pattern: following planned therapy completion at month 36, disease-free survival curves showed an inflection, with a
substantial portion of recurrences emerging in the post-cessation observation window (months 36 to 60) (Herbst et
al., Nat Med 2025 [12]). In an exploratory molecular residual disease (MRD) analysis of 220 enrolled patients (112
in the osimertinib arm), 28 patients in the osimertinib arm developed disease recurrence (25.0%). Among these
28 patients, 19 events (67.9%) occurred after treatment discontinuation; within this post-cessation window, 11 of
19 events (57.9%) manifested within the first 12 months post-cessation (months 36–48). Crucially, post-cessation
recurrences frequently lacked canonical secondary genetic resistance alterations (such as EGFR T790M, C797S,
or MET amplification), and clinical rechallenge with osimertinib in subsequent trials has demonstrated sustained
disease control.

This clinical phenomenon suggests that residual cancer cells may persist through non-genetic mechanisms. While
epigenetic reprogramming and drug-tolerant persister (DTP) states have been extensively characterized in vitro
(Sharma et al., Cell 2010 [6]; Kurppa et al., Cancer Cell 2020 [7]), biological persisters can also undergo slow-cycling
reversible quiescence. An alternative and complementary biophysical hypothesis is that microenvironmental transport
barriers create spatial pharmacological sanctuaries: tissue niches where local drug exposure drops beneath cytotoxic
or cytostatic thresholds while physiological nutrient and oxygen supply remains adequate to support cell survival.

In this study, we evaluate this hypothesis by: 1. Solving exact cylindrical reaction–diffusion boundary value problems
across outward perivascular cords and inward avascular nests; 2. Deriving the analytical lead-time identity governing
post-cessation clonal regrowth; 3. Conducting a descriptive survival audit of histologic subtype in 604 resected lung
adenocarcinoma patients from Memorial Sloan Kettering Cancer Center.

2. Biophysical Reaction-Diffusion Transport Physics
2.1 Governing Equations & Geometric Formulations

We model steady-state drug diffusion coupled to first-order irreversible cellular uptake in cylindrical coordinates:
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where 𝐶(𝑟) is local interstitial concentration, 𝐷 is effective tissue diffusivity, and 𝑘 is the volumetric uptake rate
constant. The characteristic penetration length is defined by:

𝜆 = √𝐷
𝑘

Geometry 1: Outward Perivascular Cord (Divergent Cylindrical Transport) A central microvessel of
radius 𝑟0 = 10 𝜇m supplies drug at constant boundary concentration 𝐶0 to a surrounding cylindrical tumor cord.
With boundary conditions:

𝐶(𝑟0) = 𝐶0, lim
𝑟→∞

𝐶(𝑟) = 0

the unique closed-form analytical solution is given by the modified Bessel function of the second kind of order zero
(𝐾0):
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𝐶out(𝑟) = 𝐶0
𝐾0(𝑟/𝜆)
𝐾0(𝑟0/𝜆)

The critical radius 𝑟crit at which local concentration falls below the threshold 𝜃 = 𝐶/𝐶0 = IC50/𝐶0 = 0.35 is
determined implicitly by:

𝐾0(𝑟crit/𝜆)
𝐾0(𝑟0/𝜆)

= 𝜃

Geometry 2: Inward Avascular Nest (Convergent Cylindrical Transport) A compact avascular tumor
cluster of radius 𝑅 is supplied by surrounding microvasculature at the outer boundary 𝑟 = 𝑅. Drug diffuses radially
inward toward the center:

𝐶(𝑅) = 𝐶0, 𝑑𝐶
𝑑𝑟

∣
𝑟=0

= 0

The unique regular analytical solution is given by the modified Bessel function of the first kind of order zero (𝐼0):

𝐶in(𝑟) = 𝐶0
𝐼0(𝑟/𝜆)
𝐼0(𝑅/𝜆)

The minimum concentration occurs at the nest center (𝑟 = 0), where 𝐼0(0) = 1:

𝐶in(0)
𝐶0

= 1
𝐼0(𝑅/𝜆)

Oxygen Transport and Viability Boundaries: Cord vs Nest Thomlinson & Gray (1955) [4] demonstrated that
tumor cords surrounding central blood vessels are bounded by an outer zone of necrosis caused by oxygen consumption.
With oxygen diffusivity 𝐷ox ≈ 1.8 × 10−5 cm2/s and volumetric consumption 𝑀ox ≈ 2.5 × 10−9 mol/(cm3 ⋅ s) in
neoplastic cords (Hirst et al. [16]; Worth et al. [15]), steady-state zero-order diffusion in a Krogh cylinder satisfies:
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Integrating with boundary conditions 𝐶ox(𝑟0) = 𝐶vessel and zero flux at the cord outer radius 𝑑𝐶ox
𝑑𝑟 ∣

𝑟=𝑅cord
= 0

yields:

𝐶ox(𝑟) = 𝐶vessel + 𝑀ox
4𝐷ox

(𝑟2 − 𝑟2
0) − 𝑀ox𝑅2

cord
2𝐷ox

ln ( 𝑟
𝑟0

)

Setting 𝐶ox(𝑅cord) = 0 at the cord radius defines the physiological limit of tissue oxygenation, established empirically
and theoretically at 𝑟ox ≈ 180–200 𝜇m (Thomlinson & Gray [4]; Hirst et al. [16]; Worth et al. [15]), corresponding to
perfused capillary oxygen concentrations 𝐶vessel ≈ 54–70 𝜇M (𝑝𝑂2 ≈ 40–52 mmHg). Beyond 𝑟ox, anoxia precipitates
coagulative necrosis.

In inward avascular nests, oxygen diffuses inward from the surrounding stroma at 𝑟 = 𝑅nest with boundary
concentration 𝐶stroma. Integrating with symmetry condition 𝑑𝐶ox/𝑑𝑟 = 0 at 𝑟 = 0 yields:

𝐶ox(𝑟) = 𝐶stroma − 𝑀ox
4𝐷ox

(𝑅2
nest − 𝑟2)

Setting 𝐶ox(0) = 0 gives the critical nest radius for central anoxia:
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𝑅crit,ox = √4𝐷ox𝐶stroma
𝑀ox

Because the vascular stroma surrounding avascular tumor nests in poorly perfused tumor centers exhibits low
oxygen tension (𝑝𝑂2 ≈ 12–20 mmHg, corresponding to 𝐶stroma ≈ 16–27 𝜇M) compared to direct capillary supply
(𝐶vessel ≈ 54–70 𝜇M), central anoxia in avascular nests emerges at 𝑅crit,ox ≈ 150–190 𝜇m.

2.2 Baseline Biophysical Parameters & Sanctuary Shell Geometry

Effective tissue diffusivity (𝐷 = 1.3 × 10−6 cm2/s) and volumetric cellular uptake constant (𝑘 = 3.3 × 10−4 s−1) are
parameterized from classical extravascular measurements of small-molecule transport in neoplastic tissue (Swabb et
al. [13]; Nugent & Jain [14]). This yields a characteristic penetration length of:

𝜆 = √1.3 × 10−6

3.3 × 10−4 = 0.06276 cm = 627.6 𝜇m

In clinical pharmacokinetics, steady-state total plasma concentrations of osimertinib (80 mg once daily) reach
500–600 nM. Because osimertinib is ~95% plasma protein bound, the therapeutic steady-state unbound (free)
interstitial concentration is 𝐶0 ≈ 40 nM. Given in vitro IC50 ≈ 14 nM for EGFR phosphorylation inhibition in
mutant NSCLC cells (Cross et al. [5]), the baseline inhibitory threshold ratio is:

𝜃 = IC50
𝐶0

= 14 nM
40 nM

= 0.350

With 𝑟0 = 10 𝜇m and 𝜃 = 0.350, modified Bessel root finding yields:

𝑟crit = 165.9 𝜇m

Because viable oxygenated tissue extends to 𝑟ox, a perivascular pharmacological sanctuary shell exists over the interval
𝑟 ∈ [𝑟crit, 𝑟ox]: - For 𝑟ox = 200 𝜇m: Δ𝑟 = 200 − 165.9 = 34.1 𝜇m - For 𝑟ox = 180 𝜇m: Δ𝑟 = 180 − 165.9 = 14.1 𝜇m

Sigmoidal Dose-Response and Residual Inhibition Within the sanctuary shell, concentration decays from
0.350 𝐶0 at 𝑟crit = 165.9 𝜇m to 0.310 𝐶0 at 𝑟ox = 200 𝜇m (𝐾0(200/627.6)/𝐾0(10/627.6) = 0.30955). The unbound
drug concentration throughout the shell remains at 12.4–14.0 nM. Under an assumed standard Hill pharmacodynamic
model:

𝐸(𝐶) = 𝐶ℎ

ICℎ
50 + 𝐶ℎ

with assumed Hill slope ℎ ≈ 1.5, local target inhibition remains at approximately 45%–50%. The net cellular growth
rate is governed by:

𝑔net = 𝑔0 [1 − 𝐸(𝐶)] − 𝑑0

where 𝑔0 is uninhibited proliferation and 𝑑0 is baseline apoptosis and immune clearance. Net growth depends directly
on the ratio 𝑑0/𝑔0: - If 𝑑0/𝑔0 ≈ 0.50, 𝑔net ≈ 0, maintaining prolonged cytostasis and near-zero net expansion during
36 months of active therapy. - If 𝑑0/𝑔0 ≈ 0.40, 𝑔net ≈ +0.10 𝑔0, permitting slow indolent expansion. - If 𝑑0/𝑔0 ≥ 0.55,
𝑔net < 0, leading to gradual clonal eradication.
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Volumetric Scaling: From Cord Shell to Initial Residual Burden 𝑁0 In a cylindrical perivascular cord of
unit length 𝐿 = 1 mm = 1000 𝜇m, the volume of the sanctuary shell is:

𝑉shell = 𝜋 (𝑟2
ox − 𝑟2

crit) 𝐿 = 𝜋 (2002 − 165.92) × 1000 ≈ 3.92 × 107 𝜇m3

Assuming a mean tumor cell diameter of 15 𝜇m (cell volume ≈ 1.77 × 103 𝜇m3, corresponding to packing density
∼ 5 × 108 cells/cm3 = 5 × 10−4 cells/𝜇m3), the shell contains:

𝑁cord ≈ 3.92 × 107 × 5 × 10−4 ≈ 1.96 × 104 cells per mm of cord

For microscopic residual disease consisting of a few surviving cords following surgical resection, this physical volume
corresponds directly to an initial residual cell pool of 𝑁0 ≈ 103–105 cells.

2.3 Sensitivity Analysis & Parameter Bounds

Table 1. Outward Perivascular Cord Sensitivity (Baseline: 𝜃 = 0.350, 𝑟0 = 10 𝜇m)

Scenario 𝜆 (𝜇m) 𝑟crit (𝜇m)
Shell Width Δ𝑟
(𝑟ox = 200 𝜇m)

Shell Width Δ𝑟
(𝑟ox = 180 𝜇m)

Baseline 627.6 165.9 34.1 14.1
𝐷 +30% 715.6 180.1 19.9 None
𝐷 -30% 525.1 148.5 51.5 31.5
𝑘 +30% 550.5 152.9 47.1 27.1
𝑘 -30% 750.2 185.5 14.5 None
𝐷 +30% and 𝑘
-30%

855.3 201.4 None None

𝐷 -30% and 𝑘
+30%

460.6 136.9 63.1 43.1

Vessel radius
𝑟0 = 5 𝜇m

627.6 128.3 71.7 51.7

Vessel radius
𝑟0 = 20 𝜇m

627.6 216.2 None None

As shown in Table 1, the sanctuary shell persists across isolated ±30% parameter variations at 𝑟ox = 200 𝜇m, but
at the more restrictive oxygenation boundary 𝑟ox = 180 𝜇m, the shell collapses under 𝐷 + 30% (𝑟crit = 180.1 𝜇m) or
𝑘 − 30% (𝑟crit = 185.5 𝜇m) alone.

Sensitivity to the threshold ratio 𝜃: - If 𝜃 = 0.333 (15 nM/45 nM), 𝑟crit = 179.1 𝜇m, yielding Δ𝑟 = 20.9 𝜇m at
𝑟ox = 200 𝜇m and Δ𝑟 = 0.9 𝜇m at 𝑟ox = 180 𝜇m. - If 𝜃 ≤ 0.300 (15 nM/50 nM), 𝑟crit = 209.2 𝜇m > 200 𝜇m, and the
sanctuary shell collapses.

Table 2. Inward Avascular Nest Geometry: Central Core Concentration 𝐶in(0)/𝐶0 = 1/𝐼0(𝑅/𝜆)

Nest Outer Radius 𝑅 (𝜇m) Osimertinib (𝜆 = 627.6 𝜇m)
Macromolecule ADC

(𝜆 = 77.5 𝜇m) Tissue Viability Status
100 𝜇m 0.994 (99.4%) 0.684 (68.4%) Viable throughout

(𝑅 < 𝑅crit,ox)
150 𝜇m 0.986 (98.6%) 0.459 (45.9%) Viable throughout

(𝑅 ≈ 𝑅crit,ox)
200 𝜇m 0.975 (97.5%) 0.286 (28.6%) Central hypoxia /

necrosis (𝑅 ≥ 𝑅crit,ox)
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Nest Outer Radius 𝑅 (𝜇m) Osimertinib (𝜆 = 627.6 𝜇m)
Macromolecule ADC

(𝜆 = 77.5 𝜇m) Tissue Viability Status
300 𝜇m 0.945 (94.5%) 0.099 (9.9%) Extensive central

necrosis
400 𝜇m 0.906 (90.6%) 0.032 (3.2%) Extensive central

necrosis

As shown in Table 2, for osimertinib (𝜆 = 627.6 𝜇m), central core concentration remains at ≥ 90.6% for any nest
radius up to 400 𝜇m, and ≥ 97.5% for 𝑅 ≤ 200 𝜇m. Consequently, small-molecule osimertinib never drops
beneath therapeutic thresholds in avascular nests of any viable dimension. For macromolecular ADCs
(𝜆 = 77.5 𝜇m), central concentration falls below 𝜃 = 0.35 only when 𝑅 > 180 𝜇m. Because avascular tumor clusters
typically develop central hypoxia and necrosis at 𝑅 ≈ 150–190 𝜇m, macromolecular sanctuaries within viable nest
cores exist only if local stromal oxygenation sustains viability beyond 180 𝜇m.

Monte Carlo Analysis of Parameter Uncertainty Because tissue transport parameters cannot be measured
non-invasively in individual patients, we evaluated the prior probability of sanctuary existence using Monte Carlo
sampling (𝑁 = 10, 000 draws, fixed pseudorandom seed = 2). Parameters were sampled from log-normal distributions
centered at baseline values: 𝐷 and 𝑘 with 90% confidence spans spanning a 3-fold factor (𝜎 = ln(3)/1.645 ≈ 0.668),
𝜃 log-normally distributed with a 2-fold factor (𝜎 = ln(2)/1.645 ≈ 0.421), and oxygen limit 𝑟ox distributed uniformly
between 100 and 200 𝜇m (Thomlinson & Gray [4]; Worth et al. [15]).

Under this prior distribution, an outward perivascular sanctuary shell existed in 46.1% of parameter draws (and
in 62.8% of draws if 𝑟ox was held fixed at 200 𝜇m). This 46.1% figure represents the prior probability under our
assumed synthetic parameter distributions, rather than an empirical patient prevalence.

3. Clonal Regrowth & The Analytical Lead-Time Identity
3.1 Replicator Dynamics as an Exploratory Model of Subclonal Coexistence

Within the perivascular sanctuary shell during active treatment, sub-inhibitory drug exposure allows sensitive
proliferating cells (𝑆) and drug-tolerant persister cells (𝑃) to interact. We formalized this interaction using an
illustrative continuous replicator equation (Kaznatcheev et al. [8]):

𝑑𝑥
𝑑𝑡

= 𝑥(1 − 𝑥) [𝑓𝑆(𝑥) − 𝑓𝑃(𝑥)]

where 𝑥 represents the fraction of sensitive cells. To illustrate subclonal coexistence, we adopted an illustrative
payoff matrix:

𝐴 = (−0.736 2.866
2.188 −1.772)

yielding 𝛼 = 𝑎11 − 𝑎12 − 𝑎21 + 𝑎22 = −7.562 and 𝛽 = 𝑎12 − 𝑎22 = 4.638. The interior fixed point is:

𝑥∗ = 𝛽
−𝛼

= 4.638
7.562

= 0.6133

with Jacobian eigenvalue 𝜆eig = 𝑥∗(1 − 𝑥∗)𝛼 = −1.793 < 0, confirming asymptotic Lyapunov stability. We emphasize
that this game-theoretic formulation is an exploratory, uncalibrated theoretical model used to illustrate stable
coexistence; the payoffs are free parameters and do not represent empirical fits from clinical trials.
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Figure 1: Biophysical Reaction-Diffusion Transport Physics & Parameter Sensitivity. (A) Outward perivascular
cord concentration profiles for osimertinib (𝜆 = 627.6 𝜇m) and macromolecular ADC (𝜆 = 77.5 𝜇m). Shaded orange
region indicates the viable pharmacological sanctuary shell (Δ𝑟 = 34.1 𝜇m for 𝑟ox = 200 𝜇m; Δ𝑟 = 14.1 𝜇m at
𝑟ox = 180 𝜇m). (B) Inward avascular nest central core concentration 1/𝐼0(𝑅/𝜆) with critical central anoxia boundary
(𝑅crit,ox ≈ 150–190 𝜇m, shaded grey band). (C) 2D parameter sensitivity heatmap across 𝐷 and 𝑘. (D) Sensitivity
of sanctuary shell width to hypoxia threshold 𝑟ox and inhibitory threshold 𝜃.
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3.2 Post-Cessation Regrowth & The Lead-Time Identity

Following adjuvant therapy cessation at month 36, drug clears rapidly from tissue. Residual tumor burden expands
from an initial microscopic inoculum 𝑁0 with sensitive fraction 𝑥∗ = 0.6133:

𝑁(𝑡) = 𝑁0 [𝑥∗ ⋅ 2𝑡/𝑇𝑠 + (1 − 𝑥∗) ⋅ 2𝑡/𝑇𝑝]

where 𝑇𝑠 = 25.0 days is the doubling time of sensitive cells and 𝑇𝑝 = 120.0 days is the doubling time of persister cells.

Because 𝑇𝑠 ≪ 𝑇𝑝, the sensitive clone rapidly expands, comprising 97.7% of the burden at 𝑡 = 150 days and > 99.9%
by 𝑡 ≈ 294 days. Consequently, by the time tumor burden crosses the molecular residual disease threshold (𝑁1 = 107

cells, corresponding approximately to ctDNA detection) and radiologic imaging detection (𝑁2 = 109 cells, ≈ 1 cm3),
growth is governed almost exclusively by the sensitive clone:

𝑁(𝑡) ≈ 𝑁0𝑥∗ ⋅ 2𝑡/𝑇𝑠

Whenever the proliferating sensitive clone dominates the expansion between detection thresholds, the diagnostic
lead time Δ𝑡 between ctDNA detection (𝑡1) and radiologic detection (𝑡2) is:

Δ𝑡 = 𝑡2 − 𝑡1 = 𝑇𝑠 ⋅ log2 (𝑁2
𝑁1

) = 𝑇𝑠 ⋅ log2(100) ≈ 6.6439 ⋅ 𝑇𝑠

This result is an exact algebraic identity of exponential growth. It is strictly invariant to initial burden 𝑁0, and
invariant to the initial persister fraction so long as sensitive cells dominate during the threshold crossing.

Table 3A. The Analytical Lead-Time Identity Across Doubling Times 𝑇𝑠

Assumed Sensitive Doubling Time
𝑇𝑠 Diagnostic Lead Time Δ𝑡 (Days) Diagnostic Lead Time Δ𝑡 (Months)

10.0 days 66.4 days 2.18 months
15.0 days 99.7 days 3.27 months
20.0 days 132.9 days 4.37 months

21.5 days (matches Herbst median) 142.8 days 4.70 months
25.0 days (baseline assumed) 166.1 days 5.46 months

30.0 days 199.3 days 6.55 months
40.0 days 265.8 days 8.73 months

Table 3B. Relapse Timing from Cessation Across Residual Inocula 𝑁0 (𝑇𝑠 = 25 days)

Initial Inoculum 𝑁0 ctDNA Time 𝑡1 (107 cells)
Imaging Time 𝑡2 (109

cells) Lead Time Δ𝑡 (𝑡2 − 𝑡1)
100 cells 433.8 days (14.25 mo) 599.9 days (19.71 mo) 166.1 days (5.46 mo)

1,000 cells 350.7 days (11.52 mo) 516.8 days (16.98 mo) 166.1 days (5.46 mo)
2,000 cells 324.8 days (10.67 mo) 490.9 days (16.13 mo) 166.1 days (5.46 mo)
10,000 cells 267.6 days (8.79 mo) 433.7 days (14.25 mo) 166.1 days (5.46 mo)
100,000 cells 184.6 days (6.06 mo) 350.7 days (11.52 mo) 166.1 days (5.46 mo)

As shown in Table 3B, varying 𝑁0 shifts the calendar timing of recurrence relative to treatment cessation, but
leaves the lead time Δ𝑡 = 5.46 months invariant. The agreement between our model lead time (5.46 months) and
the median lead time reported by Herbst et al. (4.7 months, 95% CI: 2.2–5.6) corresponds to an implied sensitive
doubling time of 𝑇𝑠 ≈ 21.5 days (range 10–26 days). Inverting the identity to recover a plausible biological doubling
time illustrates parameter consistency, rather than an independent mechanistic confirmation of sanctuary dynamics.
Furthermore, ctDNA shedding varies across anatomical sites and vascularization, and earlier detection inherently
introduces lead-time bias that must not be conflated with genuine therapeutic benefit.
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Figure 2: Clonal Regrowth Dynamics & The Analytical Lead-Time Identity. (A) Simulated post-cessation tumor
burden regrowth from residual inoculum 𝑁0 = 2000 cells (𝑇𝑠 = 25.0 days, 𝑇𝑝 = 120.0 days), showing ctDNA (107

cells) and CT imaging (109 cells) detection thresholds. (B) The diagnostic lead-time identity: Δ𝑡 = 6.6439 ⋅ 𝑇𝑠
is strictly proportional to doubling time 𝑇𝑠 and invariant to initial sanctuary burden 𝑁0. Markers indicate the
baseline model (𝑇𝑠 = 25.0 d → Δ𝑡 = 5.46 mo) and the Herbst et al. (2025) median (𝑇𝑠 ≈ 21.5 d → Δ𝑡 = 4.70 mo).
(C) Invariance of diagnostic lead time Δ𝑡 = 5.46 months across initial residual burdens 𝑁0 ∈ [101, 105] cells.

4. Descriptive Survival Analysis of the MSKCC Cohort (𝑁 = 604)
4.1 Cohort Characteristics & Methods

We conducted a descriptive survival analysis of the authenticated Memorial Sloan Kettering Cancer Center (MSKCC
2020) lung adenocarcinoma cohort (𝑁 = 604 surgically resected patients; Caso et al. [3]). The cohort includes
predominant IASLC histologic subtype, pathologic stage (I, II, III), EGFR mutation status, and recurrence-free
survival (RFS). The cohort represents surgery-era patients who were chemo/TKI-naive (only 3 patients received
adjuvant TKI, none osimertinib). Only the predominant histologic pattern is available, precluding assessment of
secondary patterns at the ≥ 20% IASLC grading threshold (Moreira et al. [17]). Adjuvant systemic chemotherapy
administered in stage II–III patients represents an unmeasured clinical confounder.

Survival analysis was performed using Kaplan–Meier estimators and multivariable Cox proportional hazards models
with Efron tie handling. True median follow-up was computed using the reverse Kaplan–Meier method
(Schemper & Smith [11]): median follow-up was 23.8 months (IQR: 13.3–31.8 months; raw observed RFS
duration median was 21.4 months). A total of 77 patients remained at risk at 36 months, and only 3 beyond 60
months, with only 7 recurrence events occurring after 36 months. Consequently, this surgical cohort cannot directly
inform recurrence kinetics occurring between months 36 and 60 post-cessation.

Statistical code was validated against the benchmark Freireich leukemia dataset (Freireich et al. [9]; Gehan [10]),
reproducing authenticated values (𝜒2 = 16.79, Efron 𝐻𝑅 = 4.82).

4.2 Cohort Recurrence Patterns

Table 4. Recurrence and Stage Distribution by Predominant Histologic Subtype

Predominant
Subtype Total 𝑁 Recurrence Events Crude Recurrence % Pathologic Stage I %
Lepidic 88 4 4.55% 88.6% (78/88)
Acinar 368 54 14.67% 75.5% (278/368)
Papillary 43 11 25.58% 76.7% (33/43)
Micropapillary 37 8 21.62% 51.4% (19/37)
Solid 68 21 30.88% 57.4% (39/68)
Total Cohort 604 98 16.23% 74.0% (447/604)

9



An unadjusted log-rank test across all 5 histologic subtypes showed significant differences in recurrence-free survival
(4 degrees of freedom: 𝜒2 = 24.52, 𝑝 = 6.27 × 10−5). However, stage distribution is highly skewed: 88.6% of lepidic
tumors were Stage I, compared to 57.4% of solid and 51.4% of micropapillary tumors.

4.3 Multivariable Cox Models & Multiplicity Adjustments

Table 5. Multivariable Stage-Adjusted Cox Proportional Hazards Models

Model &
Comparison Patients (𝑁) Events

Hazard Ratio
(95% CI) Raw 𝑝-value

Holm-Adjusted
𝑝-value

5-Subtype
Model (Ref:
Acinar)

604 98

Lepidic vs
Acinar

0.25 (0.09–0.70) 0.0084 —

Solid vs
Acinar

1.48 (0.89–2.49) 0.1334 —

Papillary vs
Acinar

1.51 (0.79–2.92) 0.2149 —

Micropapil-
lary vs Acinar

0.74 (0.33–1.66) 0.4684 —

Stage II/III
vs Stage I

4.16 (2.73–6.34) 3.36 × 10−11 —

Pairwise
Models (10
Contrasts)
Solid vs
Lepidic

156 25 7.82 (2.60–23.55) 0.00026 0.0026

Papillary vs
Lepidic

131 15 6.07 (1.91–19.32) 0.00226 0.0203

Acinar vs
Lepidic

456 58 3.94 (1.41–10.97) 0.00879 0.0703

Micropapil-
lary vs
Lepidic

125 12 3.85 (0.97–15.34) 0.05587 0.3911

Solid vs
Acinar

436 75 1.45 (0.87–2.44) 0.15733 0.9440

Papillary vs
Acinar

411 65 1.53 (0.79–2.97) 0.20889 1.0000

Solid vs Mi-
cropapillary

105 29 1.72 (0.72–4.10) 0.22416 1.0000

Micropapil-
lary vs Acinar

405 62 0.67 (0.30–1.50) 0.33304 1.0000

Micropapil-
lary vs
Papillary

80 19 0.68 (0.25–1.83) 0.44273 1.0000

Solid vs
Papillary

111 32 1.35 (0.62–2.96) 0.45435 1.0000

Exploratory
Composite
Models
Solid/Mi-
cropapillary
vs Lepidic

193 33 6.75 (2.28–19.97) 0.00055 —
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Model &
Comparison Patients (𝑁) Events

Hazard Ratio
(95% CI) Raw 𝑝-value

Holm-Adjusted
𝑝-value

… with Firth
Penalized
Likelihood
(𝜆 = 0.05)

193 33 3.42 (1.66–7.03) 0.0009 —

… with Firth
Penalized
Likelihood
(𝜆 = 0.10)

193 33 2.60 (1.42–4.75) 0.0019 —

Solid/Mi-
cropapillary
vs All Others

604 98 1.32 (0.83–2.08) 0.2390 —

… adjusting
for EGFR,
Sex, Smoking

604 98 1.30 (0.82–2.07) 0.2580 —

EGFR-
Mutant
Subgroup
Solid/Mi-
cropapillary
vs Lepidic

56 6 1.10 (0.06–19.97) 0.9473 —

As detailed in Table 5, the 5-subtype simultaneous model (with Acinar as reference) and pairwise models are separate
fits. In the 5-subtype model, lepidic histology exhibits significantly reduced hazard (𝐻𝑅 = 0.25, 𝑝 = 0.0084). In the
complete 10-fold pairwise analysis with Holm-Bonferroni correction (Holm [18]), lepidic recurrence is significantly
lower than solid (𝑝adj = 0.0026) and papillary (𝑝adj = 0.0203), but does not retain statistical significance against
acinar (𝑝adj = 0.0703) or micropapillary (𝑝adj = 0.3911) under family-wise error control.

The exploratory contrast of solid/micropapillary vs lepidic (𝐻𝑅 = 6.75) rests on only 4 events in the lepidic cohort.
Under bootstrap resampling (500 iterations), the upper confidence limit was unbounded due to resamples containing
zero lepidic events. Applying Firth-type penalized likelihood shrinkage contracts this estimate to 𝐻𝑅 = 3.42
(95% CI ∶ 1.66–7.03 at penalizer 𝜆 = 0.05) and 𝐻𝑅 = 2.60 (95% CI ∶ 1.42–4.75 at penalizer 𝜆 = 0.10). Across the
full cohort, grouping solid and micropapillary yields an unadjusted 𝐻𝑅 = 1.32 (𝑝 = 0.239). In the EGFR-mutant
subgroup (𝑁 = 56, 6 events), after adjusting for stage, the hazard ratio is 1.10 (95% CI ∶ 0.06–19.97, 𝑝 = 0.947,
𝑧 = 0.066). This lack of significance reflects marked stage confounding: within this subgroup, 37 of 38 lepidic patients
(97.4%) were Stage I, compared to only 7 of 18 solid/micropapillary patients (38.9%). The identical upper bound of
19.97 in both models is a coincidental arithmetic property of log-normal exponentiation (0.098 + 1.96 × 1.478 ≈ 2.995
and 1.910 + 1.96 × 0.553 ≈ 2.994, both yielding exp(2.995) ≈ 19.97).

5. Discussion
5.1 Biophysical Transport Findings

Our reaction–diffusion analysis demonstrates a fundamental geometric asymmetry between perivascular cords and
avascular nests: 1. Perivascular Cords (Divergent Transport): Outward diffusion from a central microvessel
generates geometric dilution (𝐾0), dropping osimertinib concentration below IC50 (𝜃 = 0.350) at 𝑟crit = 165.9 𝜇m.
Because tissue oxygenation extends to 𝑟ox ≈ 180–200 𝜇m, a viable sanctuary shell of width Δ𝑟 = 14.1–34.1 𝜇m can
persist. Within this shell, partial target inhibition (~45–50%) suppresses net proliferation and maintains cytostasis.
2. Avascular Nests (Convergent Transport): Inward diffusion from the surrounding microvasculature produces
geometric convergence (𝐼0). For osimertinib, central core concentration remains at ≥ 90.6% for nest radii up to
400 𝜇m, and ≥ 97.5% in viable nests (𝑅 ≤ 200 𝜇m). Consequently, avascular nests do not form viable pharmacological
sanctuaries for small-molecule TKIs. For macromolecular ADCs, central depletion below IC50 requires 𝑅 > 180 𝜇m,
where central hypoxia and necrosis typically limit cellular viability.
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Figure 3: MSKCC Clinical Cohort Survival Analysis (𝑁 = 604). (A) Kaplan-Meier recurrence-free survival curves
across the 5 IASLC predominant histologic subtypes (reverse Kaplan-Meier median follow-up 23.8 months, IQR:
13.3–31.8 months; unadjusted 4-degrees-of-freedom log-rank 𝜒2 = 24.52, 𝑝 = 6.27 × 10−5). (B) Pathologic stage
composition across histologic subtypes (Stage I vs Stage II/III). (C) Forest plot of multivariable stage-adjusted Cox
proportional hazards models, displaying pairwise contrasts against lepidic reference, models with Acinar reference,
composite architectural models, and Firth penalized shrinkage estimates.
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5.2 Clinical Cohort Interpretation

The MSKCC cohort demonstrates that the primary architectural prognostic signal is lepidic protection (𝐻𝑅 = 0.25),
rather than an escalating risk across compact subtypes. Solid and papillary patterns have similar hazard ratios to
acinar, and micropapillary is not worse than acinar (𝐻𝑅 = 0.74). The exploratory contrast of 𝐻𝑅 = 6.75 reflects
the exceptionally favorable baseline biology of lepidic adenocarcinoma rather than sanctuary-driven failure.

5.3 Testable Hypotheses

Rather than prescribing clinical management, our findings establish three testable hypotheses for future physical
and translational research: 1. Spatial Mass Spectrometry: MALDI mass-spectrometry imaging of resected
perivascular cords from treated patients should demonstrate radial osimertinib gradients dropping below IC50
beyond 165 𝜇m, with flat profiles across avascular nests. 2. Pharmacodynamic Marker Retention: Tumors
with prominent perivascular cord architecture should retain phospho-EGFR signaling specifically in cord peripheries
(𝑟 > 165.9 𝜇m). 3. Histology-Stratified Adjuvant Trials: In trials evaluating extended adjuvant osimertinib,
post-cessation recurrence rates should correlate with the quantified proportion of perivascular cord architecture
rather than compact avascular nests.

5.4 Limitations

All transport parameters are assumed from biophysical measurements in neoplastic tissue. The model idealizes
microvasculature as isolated cylinders without inter-vessel field overlap or convection. Additionally, while plasma
protein binding is parameterized at a standard baseline of ~95% (𝐶0 ≈ 40 nM), physiological inter-patient pharma-
cokinetic variability and albumin fluctuations can dynamically modulate the free fraction, shifting the threshold 𝜃
and either expanding or compressing the viable sanctuary shell width Δ𝑟 as quantified in our parametric sensitivity
analysis. The MSKCC cohort is retrospective, surgical, lacks osimertinib exposure, provides only predominant
subtype, and does not record adjuvant systemic chemotherapy.
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