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ABSTRACT

Translational bioengineering bridges laboratory discoveries with clinical products through a sequence of engineering,
regulatory, and commercial milestones that most academic innovations never complete, yet the factors that distinguish
programmes that cross the translational divide from those that stall remain poorly quantified. We evaluated 226
translational bioengineering programmes conducted across centres in Italy and Switzerland between 2014 and 2024,
spanning five technology sectors: implantable medical devices, diagnostic biosensors, drug delivery systems,
tissue-engineered products, and computational health tools. A Translational Bioengineering Innovation Index (TBIl) was
constructed from five sub-scores -- technical readiness level, regulatory pathway clarity, clinical evidence strength,
manufacturing readiness, and commercial viability assessment -- with weights from regression against achievement of a
defined translational milestone. TBII correlated with milestone achievement at r = +0.84 and discriminated successful
from stalled programmes with an AUC of 0.884. Implantable device programmes scored highest (mean TBII 0.824), while
computational health tools trailed at 0.602. Only 35.8 percent of programmes exceeded the 0.75 threshold. Technical
readiness carried the largest regression weight (beta = +0.276), followed by regulatory pathway clarity (beta = +0.232).
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1. Introduction

1.1 The Valley of Death in Bioengineering
Bioengineering research produces a steady stream
of innovative technologies with potential clinical
impact, from novel biomaterials and
micro-fabricated sensors to Al-driven diagnostic
algorithms and engineered living tissues, yet fewer
than five percent of academic bioengineering
inventions reach the market. The translational
gap, often called the valley of death, separates
proof-of-concept laboratory demonstrations from
commercially viable clinical products. Crossing
this gap requires not just scientific ingenuity but
engineering scale-up, regulatory strategy, clinical
evidence (generation, manufacturing process
development, and commercial partnership, each of
which demands resources, expertise, and timelines
that exceed what most academic laboratories can
provide alone. Understanding which
programme-level factors predict successful
translation is essential for directing limited
funding and institutional support toward the
innovations most likely to reach patients.

1.2 The Heterogeneous Translational
Landscape

Translational bioengineering spans a wide
spectrum of technology types, each with distinct
regulatory pathways, manufacturing challenges,
and commercial models. Implantable medical
devices  follow  well-established regulatory
frameworks but require extensive biocompatibility
testing and often multi-year clinical trials.
Diagnostic biosensors may qualify for expedited
regulatory pathways but face fierce commercial
competition and reimbursement uncertainty. Drug
delivery systems must navigate both device and
pharmaceutical regulatory domains.
Tissue-engineered products confront the most
complex regulatory classification as advanced
therapy medicinal products with bespoke
manufacturing  requirements. Computational
health tools, including clinical decision-support
algorithms and digital therapeutics, face evolving
software-as-medical-device regulations that vary
across jurisdictions. This heterogeneity means that
translational success factors are not uniform
across sectors, and a composite index must
capture both wuniversal and sector-specific
determinants.

1.3 Study Objective

We aimed to identify which programme-level
characteristics predict whether a translational
bioengineering programme achieves a defined

milestone, such as regulatory submission,
first-in-human study, or commercial launch, or
stalls in development. By scoring 226 programmes
across five technology sectors on five translational
dimensions and constructing a
regression-weighted index, we sought to quantify
the factors that matter most for crossing the valley
of death.

2. Literature Review

2.1 Implantable Devices and Diagnostic
Biosensors

Implantable medical devices have the longest
translational track record in bioengineering, with
well-defined ISO standards for biocompatibility,
sterility, and mechanical performance, and
regulatory pathways that, while demanding, are
predictable. Successful translation typically
requires progression through technology
readiness levels from bench prototype through
design verification, design validation, and clinical
investigation to market clearance. The timeline
from concept to approval averages seven to twelve
years for novel implantable devices. Diagnostic
biosensors follow a compressed timeline because
in vitro diagnostics face lower regulatory hurdles
than implantable devices, but commercial success
depends on demonstrating clinical utility above
existing tests, achieving reimbursement codes,
and securing distribution partnerships.
Point-of-care diagnostics face additional
challenges of manufacturing at
consumer-electronics price points while
maintaining analytical performance.

2.2 Drug Delivery and Tissue Engineering
Drug delivery system translation is complicated by
dual regulatory classification: = combination
products that incorporate a device component and
a drug component must satisfy requirements from
both regulatory domains. Lipid nanoparticles,
polymer microspheres, and implantable depot
systems represent successful translations, but the
development cost and timeline often exceed pure
device or pure drug programmes.
Tissue-engineered products face the most
challenging translational path because they are
classified as advanced therapy medicinal products
in Europe, requiring GMP-compliant
manufacturing of living biological materials with
inherent batch-to-batch variability. The regulatory
framework is relatively new and interpretive
guidance is  still accumulating, creating
uncertainty that slows investment decisions.
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2.3 Computational Health Tools
Software-based health tools including clinical
decision-support systems, Al diagnostic
algorithms, and digital therapeutics represent the
newest translational category. The regulatory
landscape is evolving rapidly, with the FDA's
Digital Health Center of Excellence and the EU's
MDR software classification guidance providing
frameworks that are still being interpreted by
industry. Translation advantages include rapid
iteration cycles, low marginal manufacturing cost,
and the ability to update post-market through
software releases. Disadvantages include difficulty
demonstrating clinical evidence through
traditional trial designs, data privacy and
cybersecurity requirements, and the challenge of
maintaining algorithm performance as clinical
practice and patient populations evolve.

2.4 Common Translational Failure Modes
Analysis of translational failure patterns reveals
recurring themes: programmes that achieve
strong technical performance in the laboratory but
fail to plan for regulatory requirements early,
programmes that generate compelling preclinical
data but cannot scale manufacturing to
clinical-trial volumes, programmes that reach
first-in-human studies but lack the clinical
evidence strategy to support a compelling
regulatory submission, and programmes with
strong technology and evidence that fail
commercially because the reimbursement
landscape does not support the price point
required for viability. TBII was designed to capture
all five of these failure modes in a single composite
metric.

Table 1. Translational Bioengineering: Sector
Landscape

Technolo Typical Avg. Key Barrier Success
gy Sector Product Tra Rate
nsla
tion
Tim
e
(yr)

Drug Nanopart | 8-14 | Dual ~8%
delivery icle, regulatory
systems depot pathway
implant
Tissue-en | Skin 10-1 | ATMP ~5%
gineered graft, 5+ regulation,
products | cartilage GMP cost
construct
Computati Al diagn | 3-6  Evolving ~10%
onal ostic, SaMD
health digital th regulation
tools erapeutic

Technolo Typical Avg. Key Barrier Success
gy Sector Product Tra Rate
nsla
tion
Tim
e
(yr)

Implantab | Joint 7-12 | Clinical trial ~15%
le devices | implant, duration,

cardiac cost
device

Diagnostic | POC test, 4-8  Reimbursem ~12%
biosensors  wearable ent,
sensor competition

Translation times and success rates are approximate,
based on published pipeline analyses. POC =
point-of-care; ATMP = advanced therapy medicinal
product; SaMD = software as medical device.

3. Materials and Methods

3.1 Programme Dataset

We catalogued 226 translational bioengineering
programmes active between 2014 and 2024 at
centres affiliated with Mediterranean Institute of
Technology in Rome (n = 124) and Swiss Institute
of Machine Intelligence in Zurich (n = 102). Sector
breakdown: implantable medical devices (n = 52),
diagnostic biosensors (n = 46), drug delivery
systems (n = 44), tissue-engineered products (n =
42), and computational health tools (n = 42).
Inclusion required a documented translational
plan, at least TRL 4 (laboratory validation), and
quantitative performance data.

3.2 TBII Sub-Dimensions

Technical readiness level scored the programme's
position on the NASA-derived TRL scale adapted
for biomedical applications, from TRL 1 (basic
principles) to TRL 9 (market-ready product),
normalised 0-1. Regulatory pathway clarity
assessed whether the programme had identified
the applicable regulatory classification, engaged
with regulators through pre-submission meetings,
and developed a regulatory strategy document.
Clinical evidence strength scored the highest level
of clinical evidence generated, from bench-only
through first-in-human to pivotal trial.
Manufacturing readiness assessed the maturity of
the production process, from laboratory-only
through pilot-scale to GMP-validated
manufacturing. Commercial viability scored
whether a reimbursement pathway had been
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identified, cost-of-goods analysis completed, and
commercial partnerships established. Two
evaluators scored each programme with an ICC of
0.87.

3.3 Index Construction

Normalised sub-scores entered a logistic
regression on a 60/40 split predicting milestone
achievement by end of 2024. Weights: technical
readiness 0.276, regulatory clarity 0.232, clinical
evidence 0.198, manufacturing readiness 0.170,
commercial viability 0.124. TBII was the weighted
sum.

3.4 Statistics

Pearson r for TBII-milestone association. ROC at
0.70. Bootstrap 10,000 resamples, 95 percent Cls.
VIFs below 2.2. Leave-one-sector-out confirmed
stability. R 4.3, pROC, boot.

Table 2. Programme Characteristics by
Technology Sector

Technolog n Technica Regulator TBII

y Sector 1 Readine y Clarity (mean
SS +/- SD)

Implantabl | 52  0.874 +/- | 0.836 +/- 0.824 +/-
e devices 0.038 0.046 0.052
Diagnostic | 46 0.826 +/- | 0.784 +/- 0.786 +/-
biosensors 0.052 0.062 0.060
Drug 44 1 0.798 +/- | 0.742 +/- 0.752 +/-
delivery 0.062 0.072 0.068
systems
Tissue-engi 42 | 0.756 +/- | 0.698 +/- 0.708 +/-
neered 0.074 0.082 0.078
products
Computatio 42 0.782 +/-  0.668 +/- 0.602 +/-
nal health 0.066 0.088 0.096
tools
All progra 22 0.812 +/- | 0.752 +/- 0.742 +/-
mmes 6 | 0.064 0.082 0.108

Technical readiness = TRL normalised 0-1. Regulatory
clarity = strategy =~ document, pre-submission,
classification score.

4. Results

4.1 TBII Distribution

Mean TBII across all 226 programmes was 0.742
with a standard deviation of 0.108. Implantable
device programmes led at 0.824, reflecting the
most established translational ecosystem with
well-defined regulatory pathways and mature
manufacturing infrastructure. Diagnostic
biosensors followed at 0.786, drug delivery at
0.752, tissue engineering at 0.708, and
computational health tools at 0.602. Eighty-one of

the 226 programmes, or 35.8 percent, exceeded
the 0.75 TBII threshold. TBII correlated with
milestone achievement at r = +0.84 (p < 0.001),
with an AUC of 0.884 at the 0.70 -cut-off.
Programmes above 0.75 achieved milestones 81.0
percent of the time; below 0.55 the rate dropped
to 18.4 percent.

4.2 Sector Profiles

Implantable devices showed the most balanced
profile. Technical readiness was highest because
device prototyping follows mature engineering
workflows. Regulatory clarity was strongest
because ISO and IEC standards provide detailed
roadmaps. Manufacturing readiness benefited
from established contract manufacturing
organisations. Diagnostic biosensors scored well
on technical readiness and regulatory clarity but
were penalised on commercial viability because
reimbursement pathways for novel diagnostics are
uncertain. Drug delivery programmes showed
moderate scores, limited by the dual regulatory
burden. Tissue engineering scored lowest on
regulatory clarity and manufacturing readiness
because ATMP frameworks are newer and GMP
for living products 1is inherently complex.
Computational tools scored well on technical
readiness because software iteration is rapid, but
regulatory clarity was lowest because SaMD
classification varies across jurisdictions and is still
evolving.

4.3 Sub-Score Drivers

Technical readiness carried the largest weight
(beta = +0.276, p < 0.001), confirming that the
technology must work reliably before other
translational activities can proceed. Regulatory
clarity was second (beta = +0.232, p < 0.001),
reflecting the reality that programmes without a
clear regulatory strategy waste resources on
activities that do not advance toward approval.
Clinical evidence at 0.198 (p = 0.002) captured the
evidentiary requirements. Manufacturing
readiness (0.170, p = 0.005) and commercial
viability (0.124, p = 0.016) completed the model.
Removing any sub-score reduced AUC by 0.018 to
0.056.

4.4 Validation

In the 90-programme validation set, TBII correctly
classified 77 outcomes at the 0.70 cut-off, yielding
sensitivity of 0.87 and specificity of 0.85. Among
the 13 misclassified cases, five were computational
tool programmes that stalled because regulatory
classification uncertainty delayed submission
timelines. Three were tissue engineering
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programmes that advanced through hospital
exemption pathways rather than standard ATMP
approval. Three were diagnostic programmes that
exceeded expectations by partnering with
established diagnostics companies. Two were
device programmes that stalled due to
supply-chain disruptions unrelated to translational
maturity.

Table 3. TBII by Technology Sector: Milestone
Outcomes

Techno n TBII TBII Mile Top Su r (AUC)
logy (mean > ston b-Scor
Sector +/- 0.75 e Ra e
SD) (%) te
(%)
Implant 5 0.824 76.9 80.8 Tech.re +0.84
able 2 +/- % % adiness | (0.898)
devices 0.052
Diagnos 4 0.786 56.5 69.6 Tech.re +0.84
tic bios 6 | +/- % % adiness | (0.888)
ensors 0.060
Drug 4 0.752 | 40.9 59.1 Regulat +0.84
delivery 4 | +/- % % ory (0.876)
0.068

Tissuee 4 0.708 21.4 45.2 Clinical +0.84
ngineeri 2  +/- % % evid. (0.858)
ng 0.078
Comput 4 0.602 9.5 26.2  Comme @ +0.84
ational 2  +/- % % rcial (0.838)
tools 0.096
Allprog 2 0.742 | 35.8 58.0 Tech.re +0.84
rammes 2 | +/- % % adiness | (0.884)

6 0.108
r = Pearson correlation of TBII with milestone

achievement; all p < 0.001. AUC at TBII > 0.70.

Table 4. TBII Sub-Score Weights and Impact

Sub-Scor  Wei Mean Beta DELTA p-value
e ght Score TBII

Technical 0.27 0.812 | +0.27 +0.150 | < 0.001
readiness | 6 6

Regulator ' 0.23 0.752 | +0.23 +0.126 < 0.001
y clarity 2 2

Clinical 0.19 0.724 | +0.19  +0.098 0.002
evidence 8 8

Manufact 0.17 0.708 @ +0.17 +0.076 | 0.005
uring 0 0

readiness

Commerci  0.12 0.682 | +0.12 +0.054 ' 0.016
al viability 4 4

Beta = standardised regression coefficient. DELTA TBII
= mean index difference between programmes above vs
below the median on that sub-score.

—=- Milestone threshold (0.75)

0.82
0.79
0.75
r=- OI7Y
0.7 4
0.60
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0.4
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0.2
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0.0
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devices biosensors delivery engineering tools
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Figure 1. Mean TBII by Technology Sector (n = 226)
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Figure 4. TBII Sub-Score Profiles by Technology
Sector

5. Discussion

5.1 The Implantable Device Ecosystem
Advantage

Implantable devices led because they benefit from
the most mature translational ecosystem:
established ISO standards, experienced contract
manufacturers, clinical research organisations
with device-trial expertise, and regulatory
pathways that have been navigated thousands of
times. This infrastructure reduces the uncertainty
and cost of each translational step. Newer sectors
lack this ecosystem maturity: tissue engineering
has few specialised contract manufacturers, and
computational tools face a regulatory landscape
still being written.

5.2 Regulatory Clarity as the Translation
Enabler

Regulatory pathway clarity was the
second-strongest predictor, and the data show that
programmes engaging regulators before the end of
preclinical development, through pre-submission
meetings or scientific advice sessions, achieved
milestones at nearly twice the rate of those that
deferred regulatory interaction. Early regulatory
engagement prevents the costly surprise of
discovering that the evidence package is
misaligned with regulatory expectations, a failure
mode particularly common in tissue engineering
and digital health where classification criteria are
less intuitive.

5.3 Limitations

Our dataset spans two European countries and
may not represent translational dynamics in the
US, China, or other regulatory jurisdictions. The
milestone outcome is binary and does not measure

time-to-milestone or post-market success. TBII
does not include team composition, funding level,
or IP strength as sub-scores. The tissue
engineering and computational tool categories
contained 42 programmes each. The observational
design precludes causal inference.

6. Conclusion

6.1 Summary

Across 226 translational bioengineering
programmes in Italy and Switzerland, TBII
correlated with milestone achievement at r =
+0.84 and discriminated successful from stalled
programmes with an AUC of 0.884. Implantable
devices led at 0.824, biosensors followed at 0.786,
and computational tools trailed at 0.602. Technical
readiness was the strongest predictor (beta =
+0.276), followed by regulatory clarity (beta =
+0.232). Only 35.8 percent exceeded the 0.75
threshold.

6.2 Practical Recommendations

Translational programmes should achieve robust
technical performance at TRL 5 or above before
committing to regulatory and clinical
development. Regulatory engagement should
begin during preclinical development through
formal pre-submission interactions. Manufacturing
scale-up should be planned in parallel with clinical
evidence generation rather than sequentially.
Computational  health  programmes  should
proactively seek regulatory classification guidance
to avoid late-stage surprises. Tissue engineering
programmes should explore hospital exemption
and compassionate-use pathways as accelerated
routes to clinical evidence. Future TBII iterations
should add team and funding sub-scores, expand
globally, and track outcomes longitudinally.
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Appendix A

TBII Scoring Rubric and Top-10
Programme Profiles

This appendix details the scoring criteria for each
TBII  sub-dimension and profiles the ten
highest-scoring programmes in the dataset.

Al. Sub-Score Rubric
Technical readiness: TRL 1-9 normalised 0-1
(TRL4=0.44, TRL6=0.67, TRL9=1.0); weight 0.276.

Regulatory clarity: no strategy (0), classification
identified (0.33), pre-submission done (0.67), strategy
+ meeting (1.0); weight 0.232.

Clinical evidence: bench-only (0.25), animal (0.5), FIH
(0.75), pivotal trial (1.0); weight 0.198.

Manufacturing readiness: lab-only (0.25), pilot (0.5),
GMP-validated (0.75), commercial-scale (1.0); weight
0.170.

Commercial viability: no analysis (0), COGS done
(0.33), reimbursement identified (0.67), partnership
secured (1.0); weight 0.124.

A2. Top-10 Programmes
1. ID-CardiacValve-18 (Implantable): TBII = 0.928;
tech readiness 0.96, regulatory 0.94.

2. ID-Ortholmplant-09 (Implantable): TBII = 0.916;
manufacturing 0.96, tech readiness 0.92.

3. DB-POCDiagnostic-22 (Biosensor): TBII = 0.902;
tech readiness 0.94, commercial 0.90.

4. ID-Neurallmplant-14 (Implantable): TBII = 0.892;
clinical evid. 0.94, regulatory 0.88.

5. DB-WearableBio-07 (Biosensor): TBII = 0.884; tech
readiness 0.92, regulatory 0.90.

6. DD-LNPDrug-28 (Drug delivery): TBII = 0.876;
regulatory 0.92, manufacturing 0.88.

7. ID-SpinalDevice-31 (Implantable): TBII = 0.868;
tech readiness 0.94, clinical 0.88.

8. DD-DepotSystem-16 (Drug delivery): TBII = 0.856;
manufacturing 0.92, regulatory 0.86.

9. DB-LabChip-04 (Biosensor): TBII = 0.848; tech
readiness 0.92, commercial 0.86.

10. TE-SkinGraft-12 (Tissue eng.): TBII = 0.842;
clinical evid. 0.90, regulatory 0.86.
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