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“We are scaling the mountain of metrics, only to realize
we have lost sight of the horizon of discovery.”

CONTEMPORARY ACADEMIC APHORISM

The landscape of contemporary scientific evaluation has undergone a profound transformation, evolv-
ing from a qualitative realm of peer appreciation into a highly quantified, algorithmic matrix. Today, the
career trajectories of researchers, the allocation of institutional funding, and the perceived prestige
of scientific output are inextricably bound to quantitative indicators. As an international community,
we must critically evaluate whether this pervasive reliance on bibliometric indices represents a trium-
phant meritocratic journey — the metaphorical climb of a lifetime, where each peer-reviewed publica-
tion marks a grueling step toward the academic summit — or whether it has devolved into the Caudine
Forks, forcing researchers to pass through a humiliating, bureaucratic yoke that deforms the very nature
of scientific inquiry. From one perspective, the rise of bibliometrics has been heralded as a major dem-
ocratic advancement, mapping the steep terrain of a lifelong academic ascent by replacing subjective
favoritism with objective criteria. To navigate this terrain, the scientific community developed specific
indicators, each designed to capture a different dimension of impact.

The Journal Impact Factor (JIF), originally conceived by Eugene Garfield in the mid-twentieth centu-
ry, emerged as the foundational metric for measuring journal prestige!. Calculated annually by Clarivate
Analytics within the Journal Citation Reports, the JIF for a specific year X is mathematically defined as
the ratio between the citations received in that year by items published in the two preceding years, and
the total number of citable items published during those same 2 years:

Citations received in year X by items published in years (X — 1) and (X — 2)

JIF, =
¥ Total number of citable items published in years (X— 1) and (X— 2)
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The primary strength of this formula lies in its ability to evaluate the average citation momentum
of a journal over a tight, 2-year window, offering a historical benchmark that institutions have trusted
for decades. However, its major weakness is that it measures the vehicle, not the passenger; a high JIF
does not guarantee the quality of an individual paper. Furthermore, while the numerator encompasses
citations to any document type, the denominator is strictly restricted to substantive research contribu-
tions, specifically original research articles and review papers, leaving the index vulnerable to artificial
inflation through uncounted editorial front matter.

To address these structural imbalances, Elsevier’s Scopus introduced CiteScore, a metric that ex-
pands the evaluation window and applies a transparent, fully inclusive accounting policy?. The mathe-
matical formula for calculating the CiteScore for a specific year X utilizes a 4-year rolling window and is
expressed as follows:

Citations received over 4 years (X— 3 to X) from documents published over 4 years (X — 3 to X)

CiteScore, =
X Total number of documents published over 4 years (X — 3 to X)

This equation introduces critical methodological deviations from traditional JIF. By extending the
temporal window to 4 years and including the current year of calculation, CiteScore reduces the vol-
atility of short-term citation spikes and offers a stabilized reflection of a journal’s citation longevity.
Crucially, its denominator enforces a strict “no-exemptions” policy, incorporating every single published
document type, including editorials, letters, notes, and conference papers, thereby preventing journals
from manipulating their scores through selective front-matter publication.

While CiteScore offers a more transparent and comprehensive overview, its all-inclusive nature is
occasionally criticized by traditionalists for lacking the strict selectivity associated with highly curated
databases. A direct comparative evaluation of these two indicators reveals a fundamental philosophical
and operational divide in journal matrix tracking. While the JIF prioritizes immediate citation velocity,
acting as an acute indicator of short-term scientific interest, CiteScore captures long-term citation per-
sistence, which is particularly beneficial for disciplines characterized by slower citation half-lives. Fur-
thermore, their contrasting mathematical treatments of the denominator radically alter editorial behav-
ior. Under the JIF framework, editors are structurally incentivized to publish high volumes of uncounted
“front matter”, such as extensive editorials or letters to the editor, that actively cite the journal’s own
research papers, thereby artificially inflating the numerator without penalizing the denominator. Cite-
Score completely neutralizes this loophole through its “no-exemptions” policy; because every written
item counts toward the denominator, any expansion of front matter automatically dilutes the overall
score unless those items receive a proportionally high volume of external citations. Consequently, the
JIF rewards selective, high-velocity publishing models, whereas CiteScore provides a more egalitarian,
transparent, and structurally stable representation of a journal’s total editorial output across a broader
multidisciplinary indexing database?.

On an individual level, the h-index, introduced by Jorge Hirsch, revolutionized author evaluation by
mathematically fusing productivity and citation impact into a single, elegant number®. Formally, a re-
searcher has an index h if h of their total N, papers received at least h citations each, while the remaining
N,- h papers have received fewer than h citations each. Mathematically, if an author’s publications are
ranked in descending order based on their citation counts (C), the h-index is defined as:

h=max{ieN:C =i}

The undeniable strength of this formulation is its absolute robustness against both the “one-hit won-
der” phenomenon and the inflation of unreferenced volume; it ensures that an investigator cannot
achieve elite status based on a single highly cited paper or through sheer, low-quality prolificacy. Never-
theless, its structural weaknesses are profound: it fails to account for the career stage of the researcher,
as it can only increase over time, inherently penalizing early-career investigators. Furthermore, it com-
pletely ignores author placement, rewarding a middle co-author on a massive multicenter trial equally
to a first or corresponding author who drove the entire project?.
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To resolve these cross-disciplinary and career-stage discrepancies, modern bibliometrists rely on
advanced normalized indices, such as Elsevier’s Field-Weighted Citation Impact (FWCI) and Clari-
vate’s Category Normalized Citation Impact (CNCI)*>. For a specific publication k, the normalized
citation impact is mathematically formulated as the ratio of the actual number of citations received
by that paper (c,) to the expected baseline average number of citations (e,) received by all global
publications of the same document type, published in the same year, and indexed within the same
subject category or discipline:

. i C
Normalized Citation Impact, = —K_
K~ o

When evaluating an entire publication portfolio of an author consisting of N papers, the FWCI or
CNCI represents the mean of these individual ratios. For a structural portfolio where the global baseline
expectations vary across multiple co-existing disciplines, the institutional definition is formulated as:

N
C,

Portfolio FWCI / CNCI = - y

N b (¢

A resulting value of exactly 1.0 indicates that the researcher’s output matches the global average.
Values greater than 1.0 (e.g., 1.45) signify that the portfolio’s impact is 45% higher than the global base-
line for that exact field and year.

The undeniable strength of these normalized metrics is their mathematical ability to eliminate disci-
pline-specific structural biases, allowing an equitable comparison between researchers across completely
distinct clinical fields; their weakness, however, rests in their statistical complexity, making them less intuitive
and harder to implement for traditional university tenure committees. To appreciate the necessity of these
normalized parameters, one must contrast them directly with raw, unnormalized measurements like a foun-
dational Citation Index — originally engineered by Eugene Garfield to capture absolute citation frequencies.
Garfield’s core Citation Index tabulates absolute counts without mathematical filtering, meaning every single
reference carries equal weight regardless of structural context. Consequently, a traditional Citation Index
functions as a raw, field-dependent accumulation ledger, making it highly sensitive to the massive volume
variations inherent to different scientific cultures. In contrast, modern normalized metrics, such as the FWCI
and CNClI, decouple citation performance from disciplinary boundaries. The mathematical architecture of
both FWCI and CNCI dynamically establishes a shifting expected baseline average based on publication year,
document type, and subject classification. While a paper with ten citations in molecular biology might look
identically positioned to a paper with 10 citations in the humanities within a standard Citation Index, the
normalized framework immediately exposes the hidden truth: the former sits well below its field’s expected
average, while the latter dramatically outperforms its disciplinary baseline. By computing these contextual
ratios, FWCI and CNCI transform raw data into equitable cross-disciplinary impact vectors, although they
sacrifice the immediate, transparent arithmetic simplicity of Garfield’s classical model.

When these measures are used uncritically, a darker pathophysiological process initiates within the aca-
demic body corporate, exposing the severe structural damage caused by a “publish or perish” culture. The
modern researcher, midway through this lifelong ascent, is increasingly forced to pass under the Caudine
Forks of algorithmic dictatorship, where these indices are manipulated through self-citation loops, recip-
rocal citation cartels, and the artificial slicing of robust studies into multiple minimum publishable units.

In this landscape of perpetual quantitative pursuit, the doors to a dangerous academic trap have
swung wide open: the phenomenon of predatory publishing. Where traditional channels impose bibli-
cal review times and staggering rejection rates, these predatory outlets offer an illusory escape route.
Behind the promise of rapid, effortless publication lies a purely lucrative business, devoid of any genuine
peer review. For the desperate researcher, crushed by the mandate to inflate their H-index, predatory
publishing becomes a modern siren song, corrupting the foundational principles of the open access
movement®. To navigate these murky waters, the scientific community long sought a guiding light. The
most famous attempt was Beall’s List, the pioneering catalog curated by librarian Jeffrey Beall to unmask
deceptive publishers’. However, the fate of that list underscores the complexity of the crisis: shuttered
in 2017 under the weight of intense legal pressure and controversy, its disappearance left a void that
contemporary databases (such as Cabells) and institutional whitelists struggle to fill, forcing researchers
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to rely on archived open-source versions of the directory®. Consequently, for the modern researcher
stripped of a universal compass, vigilance becomes yet another bureaucratic burden. The risk is dramat-
ic: paying to step into an ambush that not only generates zero scientific value but leaves an indelible
stain on one’s professional reputation, turning the long-sought lifelong ascent into academic suicide.

This systemic tension necessitates a definitive paradigm shift. Scientific publishing must transcend
the reductionist view of treating papers as mere currency to inflate an individual’s metrics. We must
actively support international frameworks and active projects that champion responsible research as-
sessment. Chief among these is the San Francisco Declaration on Research Assessment (DORA), which
explicitly denounces the misuse of journal-based metrics as a surrogate for individual paper quality®*.

Furthermore, this vision is systematically operationalized by the Coalition for Advancing Research As-
sessment (COARA). Rather than offering mere abstract declarations, CoOARA binds its signatories to ten core
commitments designed to establish a systemic overhaul of evaluation practices'!. Central to this framework
is the mandate to recognize the diverse outputs, practices, and activities that maximize research quality,
moving academic validation far beyond traditional journal articles. Signatories explicitly pledge to base re-
search assessment primarily on qualitative judgment, reinstating peer review as the bedrock of evaluation
while ensuring that quantitative indicators play a strictly supportive, responsible role. Crucially, the agree-
ment demands that institutions abandon the inappropriate uses of journal- and publication-based metrics —
specifically targeting the inappropriate application of the JIF and h-index as shorthand markers for individual
quality. It also requires organizations to avoid using rankings of research organizations as a primary metric
in the evaluation of individual researchers. To bridge the gap between policy and practice, COARA enforces
tangible operational accountability. Every member organization is required to commit resources to advance
assessment reform, share lessons learned through an international network of knowledge exchange, and
submit a comprehensive Action Plan within one year of signing the agreement. By participating in specialized
Working Groups and National Chapters, institutions actively test and pilot new, inclusive assessment tools.
Editorial boards, funding bodies, and university committees must lead this transition, shifting the evaluative
framework away from a reactive compliance with algorithmic metrics toward a proactive defense of scien-
tific integrity, ensuring that research evaluation serves as a strategic cornerstone for progress, transforming
the modern researcher’s path back into a noble, rewarding, and lifelong ascent.
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ABSTRACT - Enzyme replacement therapy (ERT) has represented a major therapeutic breakthrough for lysosomal
storage diseases (LSDs) over the past three decades, translating fundamental insights into lysosomal enzyme traf-
ficking and cross-correction into effective clinical interventions. Since its first application in Gaucher disease, ERT
has been extended to multiple LSDs, leading to substantial improvements in survival, organ function, and quality of
life. However, accumulated long-term clinical experience has revealed several important limitations that preclude
ERT from being universally effective.

This review discusses key factors influencing the efficacy of ERT, including enzyme biodistribution, receptor-me-
diated uptake, pharmacokinetics, and the impact of physiological barriers such as the blood—brain barrier. Tissue-
specific variability in response, immune reactions, and the influence of disease stage and secondary pathogenic
mechanisms are examined as major determinants of therapeutic outcome. In addition, challenges related to ma-
nufacturing, cost, and treatment burden are considered.

Advances in biotechnology have led to the development of second- and third-generation enzymes with impro-
ved targeting properties, reduced immunogenicity, and enhanced stability. Novel approaches, including glycoengi-
neering, chimeric enzymes capable of crossing biological barriers, nanoparticle-based delivery systems, and alter-
native production platforms such as plant-based expression systems, are expanding the therapeutic landscape. At
the same time, emerging strategies aimed at modulating immune responses and optimizing treatment protocols
are contributing to improved clinical management.

Finally, the evolving role of ERT is discussed in the context of emerging therapies, particularly gene therapy.
While gene-based approaches hold great promise, ERT is likely to remain an essential component of treatment, as
a complementary strategy or a bridge to more definitive therapies. Lessons learned from decades of clinical use
provide a foundation for future innovations aimed at overcoming current limitations and improving outcomes.

KEYWORDS: Blood-brain-barrier, Central nervous system, Drug delivery, Enzyme replacement therapy, Gene the-
rapy, Immunogenicity, Inborn errors of metabolism, Lysosomal storage diseases.
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THE HISTORY OF ENZYME REPLACEMENT THERAPY

Enzyme replacement therapy (ERT) was devised for the treatment of lysosomal storage diseases (LSDs)
more than 35 years ago. Pivotal studies! identified the mechanism underlying the sorting and trafficking
of lysosomal enzymes and provided the rationale for a strategy based on replacing a missing lysosomal
enzyme through the infusion of the normal enzyme. Based on these studies, ERT was implemented and
translated into human therapy for the first time in patients affected by Gaucher disease? (Figure 1).

First enzyme

replacement therapy MPS VI MPS IVA
in humans
(GAUCHER) FABRY Pompe LAL- deficiency

l I U | o=

\ [ \ [ \ [ A \
1980 1985 1990 1995 2000 U 2005 2010 2015 H I 2020 2025

MPS | MPS VII

MPS I Mann03|d03|s

The MPR pathway is identified ASMD

and its role in the sorting and

uptake of lysosomal enzymes
is characterized

Figure 1. History and first therapies for each disease. The first studies that identified the mechanism underlying
the sorting and trafficking of lysosomal enzymes and provided the rationale for ERT date to the 1980s. In the
early 1990s ERT was translated into human therapy in patients affected by Gaucher disease. Since then, ERT was
progressively extended to several other LSDs. The figure lists the first drugs developed for each different LSD.

Thanks to the success of this approach in the non-neuronopathic forms of Gaucher disease?, ERT
was progressively extended to several other LSDs, on the hypothesis that it could be equally effective
for other disorders (Figure 1). The currently approved enzyme replacement therapies are summarized
in Table 1.

Overall, thousands of patients with different LSDs have been treated, and there is now sufficient
insight — at least for some of these disorders — to evaluate the results of substantial commitment and
efforts of patients, physicians and institutions, to assess the yield of huge investments in research and
in clinical development, and to indicate new directions and shape future actions to treat lysosomal dis-
orders.

In assessing the results of ERT, we must consider that, although the approach is based on a common
strategy and on common molecular mechanisms, ERT is not a “one-for-all strategy”. There are peculiar
aspects, specific for individual LSDs (and possibly for single groups of patients), that impact therapeutic
efficacy.

We must also consider that ERT has substantially evolved over time, for example with novel manu-
facturing processes and modifications introduced in the recombinant enzymes, and with new-genera-
tion therapeutic enzymes that have been produced to overcome some of the hurdles and drawbacks
that emerged from real-world experience. Also, we must compare ERT with newer approaches that
have been introduced as alternative or complementary therapies for the treatment of LSDs.

This article is a concise review of some of the issues that have emerged after decades of ERT and
is not intended to be comprehensive. State-of-the-art and extensive reviews are available and can be
easily found in the literature, for example van der Beek et al* (2025), Poswar et al® (2019), or Desnick and
Schuchman® (2012), and are not within the scope of this article. The purpose of our review is rather to
address selected aspects that are critical for evaluating the outcomes of enzyme replacement therapy
and for supporting the further development of this therapeutic approach.
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Table 1. Approved enzyme replacement therapies, including second-generation enzymes.

Disease Enzyme Route of
administration

Type 1 Gaucher disease Imiglucerase 1
Velaglucerase alfa
Taliglucerase alfa

Fabry disease Agalsidase alfa 1Y
Agalsidase beta
Pegunigalsidase alfa

Mucopolysaccharidosis type | Laronidase 1Y

Mucopolysaccharidosis type Il Idursulfase alfa v
Idursulfase beta (in selected countries)
Pabinafusp alfa (in Japan)

Mucopolysaccharidosis type VIA Elosulfase alfa 1\
Mucopolysaccharidosis type VI Galsulfase v
Mucopolysaccharidosis type VIl Vestronidase alfa 1\
GSD type Il (Pompe disease) Alglucosidase alfa v

Avalglucosidasi alfa
Cipaglucosidasi alfa (+ miglustat)

Lysosomal acid lipase deficiency Sebelipase alfa 1\
Alpha-Mannosidosis Velmanase alfa 1\
Neuronal ceroid lipofuscinosis type 2 (CLN2) Cerliponase alfa ICV
Acid sphingomyelinase deficiency Olipudase alfa 1\

Intracerebroventricular (ICV), intravenous (IV), glycogen storage disease (GSD).

MATERIALS AND METHODS

A comprehensive literature search was conducted using the PubMed and Scopus databases to identify
relevant articles on enzyme replacement therapy for lysosomal storage diseases. The search strategy

” u

included combinations of the following keywords: “enzyme replacement therapy”, “lysosomal storage

” u ” u

disorders”, “Pompe disease”, “Gaucher disease”, “Fabry disease”, “mucopolysaccharidosis”, “acid lipase
deficiency”, “CLN2” “immune response”, “pharmacokinetics”, “pathophysiology” and “gene therapy”.
One hundred and six articles published in English up to 2025 were considered.

Original research articles, clinical trials, systematic reviews, and relevant preclinical studies were
included based on their relevance to the topic. Particular attention was given to studies addressing effi-
cacy, limitations, immune responses, and novel therapeutic strategies. Case reports, abstracts without
full text, and studies not directly related to enzyme replacement therapy or lysosomal storage diseases
were excluded. Additional relevant publications were identified through manual screening of reference

lists of selected articles.

THE RATIONALE FOR ERT

Translating ERT from the level of proof-of-concept molecular studies into actual therapies for pa-
tients has been a complex process. To be effective in disorders like LSDs and to be translatable
into patients’ care, a treatment must meet several important requisites, related to the biology and
pathophysiology of the diseases, to manufacturing procedures, and to the viability of this approach
in clinical practice.
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First, the development of a treatment should be supported by robust biological evidence, specifically
with regard to the cellular pathway that allows for uptake and delivery of enzymes to lysosomes, where
their action is required to replace the missing activity.

Enzyme manufacturing procedures are also critical. Therapeutic enzymes must be produced in suffi-
cient amounts according to “good manufacturing procedures”. These processes must be feasible, scal-
able, and sustainable.

The therapeutic enzyme should be administered to patients via a suitable and efficient route that is
compatible with patients’ conditions and with lifelong treatment.

Once administered intravenously, recombinant enzymes begin their journey through the patient’s
circulation, which must lead to optimal biodistribution to tissues and correction of the missing enzyme
activity in the right cells and enzyme compartment (Figure 2). This means that enzyme proteins should
be stable in the circulation and penetrate physiological barriers.

e ——
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1. The therapeutic enzyme
is administered to patients.

Host-related factors

Critical aspects:

- frequency

- dosage

- route of administration
- infusion time

- impact on quality of life

2. The enzyme enters
circulation.

Critical aspects:

- pharmacokinetics, half-life
in plasma and tissues

- stability in blood and
interstitial fluid

3. The enzyme must reach target
cells and organs.

Critical aspects:

- interaction with receptor(s) and
uptake by target cells

- availability of receptors in tissues
- presence of physiological or
anatomical barriers

impact on efficacy:

- age at start

- stage of disease pathology
- secondary cellular
abnormalities

- host immune response

- refractorines of specific tissues J

0 Lysosomal enzyme

Figure 2. Important factors that influence recombinant enzymes trafficking, delivery to target tissues, and effi-
cacy. (1) Therapeutic enzymes are administered to patients intravenously. (2) Once administered, recombinant
enzymes start their journey in the patient circulation and the interstitial fluid. (3) Enzymes must reach target
tissues where they must be taken up through receptor-mediated processes and reach therapeutic concentrations
in tissues and organs. Boxes indicate factors that are relevant for each of these steps and impact on efficacy. In
addition (right), host-related factors also impact therapeutic efficacy.

After trafficking through the circulation and interstitial fluid and reaching target tissues, enzymes
must be taken up via receptor-mediated processes to reach therapeutic concentrations.

In addition to enzyme properties, another issue is the emergence of host-related factors as critical
determinants of therapy success.

Aspects related to the conduct of studies to assess efficacy also warrant careful analysis. ERT should
be tolerated by patients and translate into clinical benefits. It is often difficult to identify reliable out-
come measures to evaluate treatment efficacy and patient outcomes.

The main critical factors influencing the efficacy of ERT are summarized in Table 2 and discussed in
the following sections.
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Table 2. Main limitations and challenges associated with enzyme replacement therapy.

Critical issue

Limited delivery to target
tissues

Example (disease)

Pompe disease (skeletal muscle),
Gaucher disease (bone)

Underlying
mechanism/notes

Low receptor density (M6P receptor),
impaired uptake, tissue-specific barriers

Restricted penetration
across physiological barriers

Mucopolysaccharidoses, CLN2

Blood-brain barrier limits CNS delivery

Suboptimal biodistribution

Pompe disease, Fabry disease

Preferential uptake by liver and spleen
rather than affected tissues

Need for lifelong, repeated
infusions

All LSDs

Short half-life of recombinant enzymes

Infusion-associated reactions

Pompe disease, Fabry disease

Hypersensitivity, complement activation

Development of anti-drug
antibodies (ADA)

Pompe disease (CRIM-negative),
Fabry disease

Neutralizing antibodies reduce efficacy

Variable clinical response
across tissues

Pompe disease (heart vs. skeletal
muscle), Gaucher disease (bone)

Differences in vascularization, receptor
expression, intracellular trafficking

High treatment costs

All LSDs

Complex manufacturing and chronic
administration

Limited effect on advanced
disease

Most LSDs

Irreversible tissue damage at late stages

Incomplete correction
of secondary pathways

Pompe disease, Gaucher disease

Persistent autophagy, inflammation,
cellular dysfunction

Burden on quality of life

All LSDs

Hospital-based infusions,

time-consuming treatment

Neuronal ceroid lipofuscinosis type 2 (CLN2), lysosomal storage diseases (LSDs), cross-reactive immunologic
material-negative (CRIM-negative), central nervous system (CNS).

THE BIOLOGICAL EVIDENCE SUPPORTING ERT DEVELOPMENT

The intuition that an exogenous enzyme could correct an enzyme deficiency in an LSD and the conse-
qguent pathological accumulation of undegraded substrate originated from seminal studies’ that were
performed between the late 1970s and the 1980s.

Two lines of research were particularly relevant in this respect.

First, studies® performed between the late 1970s and the 1980s provided information on the sorting
of lysosomal enzymes from the endoplasmic reticulum, where they are synthesized, to the lysosomes.
Additional information was derived from studies® that clarified the concept of cross correction and rec-
ognized the therapeutic potential of the exchange of lysosomal enzymes between different cells.

All these studies showed that the mannose-6-phosphate receptor (MPR) pathway plays a central
role in this process. Lysosomal enzymes synthesized in the endoplasmic reticulum (Figure 3A) acquire
mannose-6-phosphate (M6P) residues in the Golgi, so that they can be delivered to lysosomes via the
MPR biosynthetic pathway. As the MPR is also expressed at the cellular plasma membrane, exogenous
lysosomal enzymes can be internalized by defective cells through the endocytic pathway and reach the
lysosomal compartment, thus replacing a missing enzyme.

The MPR is a multifunctional, ubiquitously expressed membrane glycoprotein of a molecular weight
of approximately 300 kDa that binds various ligands through its modular extracellular region (Figure
3B). Only four of the domains present on MPR are responsible for the recognition and binding of M6P
[or mannose-6-(bis)phosphate] and/or phosphodiester M6P-GIcNAc residues exposed on the N-glycans
of lysosomal enzymes, whereas other domains mediate interaction with different ligands, such as insu-
lin-like growth factor 2 (IGF2)11?,
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Figure 3. The MPR pathway and the trafficking/uptake of lysosomal enzymes. A, Enzymes are synthesized in the
endoplasmic reticulum (brown dotted box). Oligosaccharide chains of lysosomal enzymes are processed in the
Golgi apparatus, and M6(bis)P is added (purple dotted box), and lysosomal enzymes are delivered to lysosomes
(red dotted box). Lysosomal enzymes can also be internalized through the endocytic pathway, exploiting the
MPR present at the plasma membrane, and delivered to the lysosomes (blue dotted box). The MPR dissociates
from the enzymes and is then recycled to the plasma membrane (green dotted box). B, Lysosomal enzymes are
endowed with one or more M6P residues that are exposed on the oligosaccharide chains. M6P residues interact
with the MPR, a protein that is composed of two subunits with repetitive motifs. Six out of its 15 homologous
domains have ligand-binding properties. Among them, domains 3, 5, 9 and 15 are those involved in binding of
mannose-6-phosphate (M6P) and/or phosphodiester M6P-GIcNAc residues that are exposed on the N-glycan
chains of lysosomal enzymes. Two M6P binding sites (pink) are available in each MPR molecule.

Other enzymes, for example beta-glucocerebrosidase (GBA), the enzyme that is defective in Gauch-
er disease and was the first enzyme developed for ERT, exploit different receptors for their trafficking.
The Cluster of Differentiation 206 (CD206) receptor interacts with Mannose (MAN) and drives GBA into
macrophages and cells of the reticuloendothelial system??. Additional and alternative processes of ly-
sosomal targeting also exist, such as those that are mediated by lysosomal integral membrane protein
(LIMP-2) and sortilin®3. In the following paragraphs, we will focus on the MPR pathway as a prototype of
the cellular processes involved in lysosomal enzyme trafficking.

The notions on MPR structure and function have important clinical implications, particularly to un-
derstand what factors impact or limit the uptake and trafficking of lysosomal enzymes. For example, it
is important and relevant for ERT that one receptor can bind multiple molecules of lysosomal enzymes
simultaneously (at least two, and potentially three, depending on the structure and the specific lyso-
somal enzyme). It is also essential that recombinant enzymes must be endowed with M6P or M6(bis)P
residues to be internalized by cells and correctly trafficked to lysosomes.

The need for concomitant action of both MPR and M6P in determining the success or the failure
of ERT is illustrated by the experience in Pompe disease. Albeit effective in improving patients’ cardiac
and motor functions, and in extending their survival, ERT with alglucosidase alpha (the first-generation
recombinant human alpha-glucosidase) has shown limitations, particularly in correcting skeletal muscle
pathology and function. Both MPR and M6P were thought to be responsible for these limitations. Spe-
cifically, the relative refractoriness of muscles was ascribed to both sub-optimal amounts of M6P in the
enzyme preparation®*, and to the relatively low abundance of MPR available at the plasma membrane
in skeletal muscles®.
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To address the scarcity of receptors in skeletal muscles in Pompe disease, two alternative strate-
gies have been explored. One is based on drugs that impact MPR expression at the plasma membrane
of muscles in Pompe disease patients and favor response to ERT in these organs. Specifically, beta-2-
agonists have been shown in preclinical studies'®'” to be effective in this respect and have been brought
to clinical translation®®-%°,

Alternatively, enzyme preparations enriched in M6P (or MPR ligands) have been developed to fa-
cilitate interactions with the MPR and delivery of recombinant enzymes to target tissues. Also in this
case, the example is Pompe disease, with two second-generation enzymes that have been approved for
clinical use*?%22,

Even though much information has been gathered on the molecular basis of ERT and many ther-
apeutic recombinant enzymes for different diseases have been translated into clinical use, there are
issues that need to be fully clarified. For example, how many M6P residues on an enzyme molecule
are required for optimal interactions with MPR? Is the optimal number of M6P residues the same for
all enzymes? What is the most limiting factor in the uptake of the enzymes, the amounts of MPR at the
plasma membrane (that may be saturated by an excess of ligand), or the number of M6P or M6(bis)P
on the N-glycan chains of the enzyme? Is it possible that the same lysosomal enzyme exploits different
routes for uptake in cells?

A deeper understanding of these mechanisms is of biological interest and has important clinical
implications, ultimately enabling the rational design of improved therapeutic enzymes and the optimi-
zation of treatment strategies.

ENZYME MANUFACTURING

The procedures required for the manufacturing of recombinant enzymes have varied in the past and may
continue to evolve significantly with the introduction of newer technologies. The first preparation (alglu-
cerase) of therapeutic beta-glucocerebrosidase was extractive, derived and purified from human placen-
tae? (Figure 1). This procedure required the collection and processing of large amounts of placentae to
obtain large quantities of pure enzyme and was associated with the risk of transmitting infectious agents.

With the advent of recombinant DNA techniques (methods in which expression vectors, such as plas-
mids, are used to introduce a gene of interest into host cells, enabling the production of the correspond-
ing recombinant protein), therapeutic enzymes were produced in various lines of mammalian cells. In
this way, it was possible to address the issues related to the use of extractive enzymes. However, other
challenges emerged, such as the need for high yield, efficient purification, and sterility. Indeed, the risk
of contamination materialized in the years 2019-2010 with an incident in one of the manufacturing
plants. This event led to a shortage of some enzymes used for ERT and to the need for some patients to
temporarily stop treatment or switch to alternative therapies®. This episode showed how important the
production of high-quality therapeutic enzymes is and how this can be a limiting factor for a therapy like
ERT that is based on repeated, lifelong infusions.

Even if production technologies have evolved over time, the high costs of recombinant enzymes
remain a major challenge associated with ERT. The costs of the enzyme preparations may represent a
heavy burden for national health services or limit access to ERT in underdeveloped countries. This issue
has been analyzed in detail*>?®. The treatment of a single patient may cost as much as several hundred
thousand euros per year.

The final marketing price of the enzymes is the result of several factors, including manufacturing
procedures and the need for specialized factory plants equipped to produce enzymes with recombinant
DNA techniques according to good manufacturing practice (GMP). Investments required for preclinical
and clinical research also heavily impact the price of ERT. In general, the development of a new enzyme
must be financially supported for long periods, as much as 10-15 years, which is the period usually re-
quired for clinical development of a drug?’.

A possible strategy to address issues in enzyme manufacturing procedures may involve using alter-
native, innovative expression platforms to generate recombinant therapeutic proteins, such as plants or
plant cells. The use of plants as bioreactors for therapeutic production (plant molecular “pharming”) has
advantages in terms of potentially lower costs (largely due to high scalability)?® and absence of human
and animal pathogens that can contaminate animal-based production systems. Seed production sys-
tems are also attractive, as therapeutic proteins produced in this way exhibit high, prolonged stability
when stored as dry seeds.
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Potential drawbacks may derive from the different glycosylation of enzymes produced in plant systems.
As mentioned previously, proper glycosylation and the presence of ligands (such as M6P or MAN) on the
N-glycan chains of the enzyme are critical for the uptake of lysosomal enzymes. The protein glycosylation
machinery in plants is different from that of mammalian cells, and the N-glycosylation profile in plant-de-
rived enzymatic proteins is different from that obtained in mammalian cells?*. Nevertheless, plant-derived
enzymes so far developed are endowed with glycans that allow tissue delivery and are active. Currently,
two enzyme preparations produced in plants have already been granted approval from regulatory agen-
cies®*® for the treatment of Gaucher disease and Fabry disease®?3®, while others are still in a phase of
pre-clinical development?®. In this context, multiple plant-derived enzymes are currently being explored,
particularly for Pompe disease, where recombinant acid a-glucosidase (GAA) has been expressed in various
plant platforms, including tobacco chloroplasts, transgenic seeds, rice cell cultures, and glycoengineered
systems, with encouraging results in terms of enzymatic activity, immune modulation, and glycogen clear-
ance in disease models. Similar approaches have also been applied to other lysosomal storage disorders,
including the production of a-galactosidase for Fabry disease (complementing the already approved pe-
gunigalsidase), a-L-iduronidase for mucopolysaccharidosis type I, and lysosomal acid lipase for Wolman
disease, further supporting the potential of plant-based platforms for enzyme replacement therapy®’.

The evolution of technologies has provided significant innovation and has addressed some of the
shortcomings of ERT. As the targeting of recombinant enzymes was sub-optimal in some tissues, for
example in skeletal muscles in Pompe disease patients, second-generation enzymes enriched in M6P
and with improved targeting properties have been developed??, one of them in combination with a sta-
bilizing molecule.

Engineered enzymes that are able to cross physiological barriers have also been developed and will
be discussed in another paragraph in this review.

New technologies will likely offer additional opportunities in the coming years to enhance evolution
and innovation in this field. It is possible to envisage that the main goals of research will be to devel-
op convenient and affordable platforms for the production of recombinant enzymes to further reduce
costs and explore innovative approaches for optimal tissue delivery (such as nanoparticles)®. In addition
to enhancing biodistribution and tissue targeting, nanoparticle-based systems may also contribute to
reducing immunogenicity by shielding the enzyme from immune recognition®. In parallel, significant
efforts are expected to be directed toward the design of second- and third-generation enzymes with
enhanced targeting properties, such as chimeric constructs. Reduced immunogenicity may be achieved
through protein and glycoengineering strategies, as well as formulation approaches such as PEGyla-
tion*42, In addition, alternative strategies aimed at modulating the immune response, including oral
tolerance approaches, have also been explored in preclinical models®.

Further advances are likely to derive from approaches aimed at increasing enzyme stability and
catalytic efficiency, leading to the development of so-called “super-enzymes”. In this context, evolu-
tion-guided strategies such as ancestral sequence reconstruction have shown that engineered variants
can display increased catalytic activity and improved substrate clearance in preclinical models, poten-
tially enabling lower dosing and improved therapeutic outcomes**.

ADMINISTRATION TO PATIENTS

ERT is based on repeated, periodic intravenous infusions (in most cases every week or fortnightly, de-
pending on the enzyme half-life and the desired rate of substrate clearance). Infusion times vary and
in general last several hours. In young patients, repeatedly finding venous access is often difficult and
may cause pain and discomfort, thus requiring the implantation of intravenous devices. The use of im-
plantable intravenous devices, such as ports or central intravenous catheters, may be associated with
serious risks (for example, infections). In rare instances (for example for cerliponase), these problems
are exacerbated by the need for intrathecal administration.

For these reasons, the impact of ERT on patients’ quality of life is heavy. To alleviate the burden of
periodic hospital infusions on patients, home therapy programs have been proposed and implemented
for some LSDs in several countries?®“°, However, home therapy is not available for all ERTs and not for all
patients. In principle, a patient who is stable for months and has not developed major immune IgE-medi-
ated reactions may be eligible for home administration. However, there are disparities in the availability
of home therapy in different countries, sometimes in different regions of the same country.
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The impact of repeated, lifelong infusions may also be addressed by exploiting new technical devel-
opments. For example, new-generation enzymes with prolonged half-life and stability may be injected
less frequently and reduce the burden on patients®®. Combination protocols of ERT and therapies such
as substrate-reducing agents may also be envisaged to enhance efficacy and potentially reduce dosing
requirements. For example, co-dosing of glycogen synthase type 1 (GYS1) inhibitors and ERT with recom-
binant human alpha-glucosidase has been effective in preclinical and clinical studies***” in Pompe disease.

Similar combinatorial approaches are being investigated in other lysosomal storage disorders. In
type 3 Gaucher disease, substrate reduction therapy has been used as an alternative or, in selected
cases, in combination or sequence with enzyme replacement therapy to optimize disease control and
reduce substrate accumulation®®,

CIRCULATION, PHARMACOKINETICS AND STABILITY
OF RECOMBINANT ENZYMES

Once the enzyme has been infused into the patient, it must travel through the bloodstream, penetrate
any necessary physiological barriers, and be available to target tissues and cells. Within target cells, it
must reach its final destination in the specific cellular compartment, the lysosomes, where its action is
required. This trip to the lysosomes is not without risks for the enzyme.

Pharmacokinetics and blood half-life are the results of intrinsic properties of the enzyme, such as stability
and conformation, and by other factors, for example uptake by target cells and non-productive clearance by
tissues where its activity is not desired®. Stability of the enzyme may substantially vary among different en-
zymes or different enzyme preparations of the same enzyme®°. Stability depends on several factors, including
subcellular localization, molecular crowding in a certain environment or organelle, interactions with other
proteins, and pH®L. pH is particularly important. Lysosomal enzymes have evolved to exert their function and
to have optimal stability in an acidic environment such as the lysosomal compartment. For example, the sta-
bility of alglucosidase (rhGAA), the enzyme used since 2006 for the treatment of Pompe disease, was shown
to be affected by pH®? and by persistence in blood®. Exposure to non-optimal conditions may also occur in
the interstitial fluid® and, possibly, in the endocytic compartment of cells, before reaching the lysosomes. A
way to address this issue has been translated into human therapy by co-dosing a second-generation recom-
binant alpha-glucosidase preparation and a stabilizer molecule for the treatment of Pompe disease?.

UPTAKE, TISSUE DISTRIBUTION, DELIVERY TO TARGET TISSUES

A major determinant of efficacy of a recombinant enzyme is its ability to reach target tissues, where its
action is required to correct disease pathology.

In general, visceral organs appear to respond better, possibly due to diffuse vascularization that allows en-
zymes to reach therapeutic concentrations in these tissues. Thus, LSDs primarily involving viscera, for example
Gaucher disease type 1% or lysosomal acid lipase deficiency®®, can be treated with better chances of success.

This concept is exemplified by Wolman disease, a predominantly visceral disorder in which ERT has shown
marked efficacy and improved survival®’. However, despite these encouraging results, residual disease man-
ifestations may persist in macrophage-rich compartments, including the monocyte—macrophage system
(MAS)%. In these sites, substrate clearance may remain incomplete, suggesting that even in well-perfused
organs, cell-specific uptake and intracellular delivery of the enzyme represent limiting factors®.

Some tissues appear particularly refractory to ERT. For example, in Gaucher disease, bone is difficult
to correct®®. Bone refractoriness in Gaucher disease reflects an imbalance between impaired osteo-
blast function and increased osteoclast activity, associated with a pro-inflammatory microenvironment
driven by lipid accumulation®®®!, Dysregulation of molecular signals that direct osteoblast commitment
(sirtuin 1, runt-related transcription factor 2 protein) and increased oxidative stress may also contribute
to poor response of bone manifestations to ERT®2,

A similar tissue-specific response is observed in Pompe disease, where cardiac involvement, espe-
cially in infantile-onset forms, improves rapidly with treatment, whereas skeletal muscles show a slower
and often incomplete response. This difference is mainly attributed to reduced uptake of the recom-
binant enzyme in skeletal muscle, lower expression of mannose-6-phosphate receptors, and impaired
trafficking and processing within myofibers*¢3,
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The presence of physiological or anatomical barriers is one of the factors that limit the biodistri-
bution of therapeutic enzymes. The blood-brain barrier (BBB) is perhaps the most studied and better
characterized barrier, although physiological barriers may also exist in other tissues, for example the
blood-retina barrier (BRB) in the eye®.

In most LSDs, brain involvement may occur, causing progressive neurological deterioration and hand-
icap®. In these disorders, correcting brain pathology and function is a primary goal, and failure to reach
therapeutic levels in the central nervous system (CNS) is a major limitation. Recombinant lysosomal
enzymes are large molecules that are unable to cross a selective barrier like the BBB. Thus, intravenous
administration of the recombinant enzymes used for ERT (as they have been designed and manufac-
tured over the past decades) is not expected to have therapeutic effects on the central nervous system.

In principle, different approaches may be exploited to overcome this problem. A straightforward
strategy would be to change the route of administration and inject the therapeutic enzyme directly into
the CNS.

A second approach would be to modify the enzyme’s properties by designing signal domains that
enable trafficking across the brain microvascular endothelium and other cells that comprise the BBB.

Another emerging strategy involves encapsulating therapeutic enzymes within nanocarriers, includ-
ing liposomes, polymeric nanoparticles, solid lipid nanoparticles, and extracellular vesicles, to improve
enzyme stability, biodistribution, and tissue-specific delivery.

Direct intrathecal administration has been proposed for mucopolysaccharidoses |, Il and 1157, |n
patients with neuronopathic mucopolysaccharidosis type Il, therapy was based on combining weekly
intravenous and monthly intrathecal administration of idursulfase, the enzyme used for ERT in this dis-
order. While intrathecal administration lowered cerebrospinal fluid concentrations of heparan sulfate,
its effect on cognitive outcomes appeared variable®®. A potential drawback of this approach in LSDs as-
sociated with complex phenotypes like mucopolysaccharidoses would be the lack of efficacy on visceral
manifestations, thus requiring a combination of intravenous and intrathecal injections. Therefore, it
would be more appropriate to use this approach in disorders characterized by predominant neurologi-
cal impairment.

For children with symptomatic neuronal ceroid lipofuscinosis type 2 (CLN2) due to tripeptidyl-pep-
tidase 1 deficiency, recombinant human cerliponase alfa has been approved for clinical use and can
be administered intracerebroventricularly. The first study in 23 children showed that patients treated
with cerliponase alfa had a slower rate of decline in a motor-language score on the CLN2 Clinical Rating
Scale compared with historical control participants®. Re-assessment of cerliponase alfa efficacy in 24
CLN2 patients confirmed slowed decline in motor and language function’. However, this therapy must
be used in a suitable setting by experienced teams to prevent complications like intrathecal infections
(about 40%).

In a cohort of patients affected by mucopolysaccharidosis type llIA, due to heparan-N-sulfatase (HNS)
deficiency, intrathecal administration of a recombinant human HNS showed that although cognitive de-
cline continued to be apparent in most patients, improvements were observed in a small subgroup’.

The use of chimeric enzymes has also reached clinical development. To this purpose, engineered
recombinant enzymes are fused to peptides that allow penetration of the BBB and brain delivery
through interaction with specific receptors, such as the transferrin, insulin and low-density lipo-
protein (LDL) receptors. Pabinafusp alpha, a human iduronate-2-sulphatase fused to an anti-human
transferrin receptor antibody, has been approved in Japan for the treatment of neuronopathic muco-
polysaccharidosis type Il. Clinical trials’*”® showed consistent reductions in heparan sulfate concen-
trations. Some, but not all, patients showed positive effects on the Bayley Scales of Infant and Toddler
Development. Trials using a similar strategy are underway for mucopolysaccharidoses type | and II.
Initial results are promising in terms of biomarkers, but it is too early to draw conclusions about ben-
efits on cognitive outcome’™’®,

The use of enzyme-loaded carriers, such as nanoparticles, also holds promise but remains in a pre-
liminary phase. These systems, based on innovative, biocompatible nanomaterials, have the potential to
enhance the efficacy of ERT and minimize side effects. They may improve tissue targeting and passage
across the BBB by decorating the nanocarrier surface with targeting molecules (peptides, aptamers,
and antibodies)’. In addition, they may address some of the limitations of ERT, such as immunologic
reactions and enzyme stability. This approach has been proposed for different LSDs, for example Krabbe
disease [due to galactosylceramidase (GALC) deficiency]””’8.
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HOST-RELATED FACTORS

In addition to the intrinsic properties of the enzyme, pharmacokinetics and delivery of enzymes to tar-
get tissues, host-related factors play a critical role in determining the success of ERT. This is a broad and
complex topic that includes many aspects.

Some factors may appear obvious, for example, the severity of the disease. Most LSDs encompass
broad spectra of presentations that range from severe (and often early-onset) manifestations to at-
tenuated and late-onset phenotypes. In principle, it would be reasonable to expect that ERT shows
variable efficacy in the different forms and that milder forms may respond better. However, this is not
consistently true. For example, in Pompe disease, a severe and life-threatening manifestation such as
hypertrophic cardiomyopathy is efficiently corrected by ERT, thus improving patients’ survival, while
skeletal muscle involvement, typical of the late-onset forms, is more difficult to correct and appears
refractory to treatment®.

Other factors involved in the differential response of cells or tissues to the treatment are related to
the pathophysiology of the disease. For example, the stage of disease pathology, and secondary tissue
and cell abnormalities triggered by storage’® are emerging as important challenges.

One of the pathways that are affected in several LSDs is autophagy®. In Pompe disease, some stud-
ies®l82 have demonstrated that the recombinant enzyme used for ERT is aberrantly delivered to sites of
autophagic accumulation and is ineffective.

A consequence of the impairment of the autophagic flux is oxidative stress®. It has been shown that
oxidative stress impacts the level of correction of alpha-glucosidase activity by ERT in vitro and in vivo.
In fibroblasts and in the animal model of Pompe disease, there is an inverse correlation between the
level of correction of alpha-glucosidase activity by ERT and the level of tissue stress. The use of known
antioxidants facilitated the correction of activity, suggesting a complementary approach to improving
ERT efficacy in this disorder.

The age at start of therapy is related to these aspects. It is reasonable to think that an early start of
therapy, before the development of massive tissue pathology, may prevent irreversible abnormalities.
In this regard, the availability of reliable measures of disease progression and the development of guide-
lines may serve as valuable tools for defining the optimal time to start therapy.

Newborn screening programs may also be a valuable tool for timely identification of patients, particu-
larly for disorders that need to be treated as soon as possible, for example metachromatic leukodystrophy
and Pompe disease®®, In recent years, screening for lysosomal storage disorders has been progressively
implemented in several countries, including pilot and regional programs. In Italy, a pilot program for meta-
chromatic leukodystrophy in Tuscany demonstrated the feasibility of a two-tier diagnostic approach?®,
while a long-term newborn screening program in the North-East region confirmed the clinical utility of
early diagnosis in Pompe disease, enabling prompt treatment and improved outcomes®?’.

Complications due to immune responses to ERT are emerging as a significant challenge in patients
exposed to ERTs in several LSDs.

Some patients, particularly those carrying null mutations leading to the complete absence of the en-
zyme protein [cross-reactive immunologic material-negative (CRIM-negative)], may develop high anti-
body titers that can cause adverse reactions, including mild to life-threatening manifestations, or affect
the efficacy of ERT, leading to treatment failures®.

Strategies to mitigate patients’ immune responses have been developed, mainly based on the use of
antihistamines and antipyretics, or slowing the rate of infusion without interruption or discontinuation
of treatment®. Prophylactic tolerance induction protocols have been developed. Currently, standard
protocols to mitigate antibody response are based on multi-drug approaches with the combination of
rituximab, methotrexate, and intravenous immunoglobulin (IVIG)**®'. Moreover, additional strategies
have been explored, including immunomodulatory approaches targeting plasma cells or promoting an-
tigen-specific tolerance®®°%2, These advances underscore the need for early identification of patients at
higher immunological risk and support the adoption of tailored treatment strategies to improve long-
term efficacy and safety®’.

However, it could be expected that the evolution of technologies will provide additional therapeutic
strategies. The development of engineered and less immunogenic enzymes may represent an option to
mitigate the activation of immune responses. Engineering stable and non-immunogenic enzymes has
already been proposed in other medical fields, for example, for the treatment of cancer®.

Another potential technology is based on blood-circulating immune cells as producers of the needed
therapeutic protein®*.
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Another emerging therapeutic approach relies on gene-based strategies that enable sustained en-
dogenous production of the therapeutic enzyme. Among these, liver-directed gene therapy has shown
particular promise by inducing antigen-specific immune tolerance through the generation of regulatory
T cells, thereby reducing anti-drug antibody formation and enhancing the long-term efficacy of enzyme
replacement therapy®.

EFFICACY AND ASSESSMENT OF EFFICACY

The steps in the clinical development and assessment of ERTs for LSDs are, for several aspects, compara-
ble to those required in other fields of medical sciences. However, there are some peculiarities of LSDs
that may be associated with specific challenges.

First, LSDs are rare or ultra-rare diseases. Enrolling a sufficient number of patients in a clinical study
to obtain reliable and significant results and to assess therapeutic efficacy is often difficult. This is even
more complicated by the fact that within the same disorder, broad clinical variability is common, and it
may be difficult to select homogeneous patient cohorts in a study.

The rarity and the clinical variability of LSDs also impact the feasibility of natural history studies,
which are essential as comparators to assess efficacy. For several LSDs, these studies are quite demand-
ing and require the collaboration of multi-center networks.

Reaching conclusive results is also difficult because of the slow progression of manifestations in many
LSDs. As most approvative trials last one or two years, it is difficult to expect appreciable, clinically meaning-
ful, and statistically significant improvements. The insight deriving from decades of real-life experience in the
field of LSDs tells us that only after a very long period it is possible to ascertain the true effects of ERT.

Additional challenges are posed by the fact that LSDs are often multisystem diseases®®. As mentioned
in the previous paragraphs, some tissues or organs may respond in different ways to therapies, either
due to local conditions or to different bioavailability of therapeutic enzymes.

For these reasons, it is difficult to design a study and select a priori the endpoints that are expected to
show significant changes and to reflect the efficacy of a therapy. Ideally, the endpoints of a trial should be
clinical measures. However, clinical measures often require invasive procedures or are difficult to obtain as
they need specific skills and expertise of assessing doctors and participation from patients that are highly de-
bilitated or affected by variable intellectual impairment. For some studies, for example, intracerebroventric-
ular cerliponase®79%, efficacy endpoints were based on longitudinal assessments of neurological function,
including the rate of decline in motor and language performance. It would be preferable that the assessment
of therapies is based on multiple evaluations, including patient-reported outcome measures that are emerg-
ing as valuable tools for this purpose® and surrogate measures, such as biomarkers®.

Assessing the real value and role of biomarkers as complementary measures of efficacy will be a chal-
lenge for the future'®. A few new therapies have been approved by regulatory agencies exclusively based
on changes in biochemical markers. In LSDs, most biochemical markers are substrate-related (GAGs, GLC4,
lysoGB3, etc). Only in a few cases are markers more functional and more reflective of secondary changes
involved in the pathophysiology of different disorders (cytokines, neurofilament light chain, microRNAs)01-103,

Future efforts in this regard are expected to be challenging and should follow different trajectories.
It is indispensable to invest in natural history studies and registries, with concerted action by networks
based on multicenter collaborations. Centers involved in these actions should be qualified and expert in
the management and follow-up of LSDs, a requisite that is not common for these rare disorders.

It will be important to invest in research to better understand the reasons for the different responses
of different tissues that are currently known only in part. Expanding our knowledge on LSD pathophysi-
ology is expected to provide clues to clarify this aspect.

CONCLUSIONS

The information on the sorting of lysosomal enzymes and on the MPR pathway, showing that a lyso-
somal enzyme provided by an external source can be taken up by cells and replace a missing activity,
indicated that LSDs are an ideal target for ERT. Indeed, after the first attempts in Gaucher disease, sev-
eral ERTs were granted regulatory approval and were introduced in the treatment of many other LSDs.

Real-life experience, however, has shown that the “ideal” situation described in preclinical studies
and in the first trials does not always match the results obtained in real life. Not all LSDs are the same.
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A therapeutic approach is not necessarily good for all. As clinical experience expands and knowledge of
the biology of LSDs increases, it is increasingly recognized that issues, shortcomings, and hurdles make
each disease (or perhaps each category of patients) a moving target.

In general, the most impressive successes have been obtained in “visceral” LSDs, like Gaucher disease. In
other disorders, where sanctuary tissues are involved, such as bone, eye or central nervous system, the re-
sults are erratic. The experience of many years, however, was not fruitless and provided directions for future
improvements. New technologies, already in an advanced stage of development, will likely address the chal-
lenges that have emerged over the past decades, with second (or third)-generation enzymes, co-dosing with
other therapeutic agents, optimization of therapeutic protocols, new routes of administration, and more
efficient manufacturing procedures. In addition, the experience of many years and thousands of LSD patients
treated with ERT may indicate new candidate diseases for this approach.

New therapeutic options for the treatment of LSDs are emerging. Gene therapy is probably the most
compelling and promising. They may offer several advantages, including the potential for a single admin-
istration, reduced impact on patients’ quality of life, improved targeting of critical tissues and organs,
and prolonged therapeutic efficacy. Clinical experience in disorders such as metachromatic leukodys-
trophy has provided proof of concept for these benefits. In particular, hematopoietic stem cell gene
therapy for metachromatic leukodystrophy has shown durable clinical efficacy and stabilization of neu-
rological function41%, Similarly, early-phase and preclinical studies in Pompe disease suggest that gene
therapy may enable sustained and systemic enzyme expression, with improved tissue targeting through
continuous secretion and receptor-mediated uptake in affected tissues!®.

Is there still room for ERT at the time of gene therapy? The answer is probably yes. Procedures to
start gene therapy (particularly for ex vivo approaches) require time. For in vivo gene therapies, time
is also required for full transgene expression in a patient. Thus, a pre-treatment with ERT may be ad-
visable, particularly in early-onset and rapidly progressive disorders to stabilize patients and preserve
organ function while awaiting the therapeutic effect of gene transfer©’108,

Also, assessing the long-term effects of gene therapy will need a long time (as it happened for ERT). In
this context, maintaining ERT as a complementary or fallback option may represent a safer strategy, par-
ticularly in cases where gene therapy proves insufficient or is not applicable to specific patient subgroups.
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ABSTRACT - Objective: Extended newborn screening (ENBS) is a worthwhile public health program for the early
detection of inherited metabolic disorders, facilitating timely diagnosis and treatments that have significantly de-
creased the morbidity and mortality associated with these conditions. Despite its importance, public awareness of
ENBS remains limited. All families deserve access to clear, accurate, and relevant information to help them navi-
gate the newborn screening system. To assess whether the level of knowledge and perceptions of NBS among the
general population are appropriate, a public engagement initiative was conducted.

Subjects and Methods: A public engagement initiative was realized in the city of Naples (Italy) to involve
passers-by in the completion of a survey titled “Extended neonatal screening — how much do you know?”. The
questionnaire was distributed as a paper-based or online form, including 15 items focused on demographics and
knowledge of ENBS, with the option to share personal experiences and feedback on the dissemination activity.

Results: We interacted with approximately 600 people, and half completed the questionnaire. The study po-
pulation was heterogeneous in terms of sex, age, and educational background, with around half belonging to the
biomedical/healthcare field. Globally, only 33% of respondents were aware of ENBS. Despite this, appreciation of
the outreach activity and the materials provided was high regardless of the knowledge attained.

Conclusions: The data collected in this study reveal a concerning lack of awareness, particularly among those who
have already had children. These findings indicate that sporadic recognition or outreach efforts, although beneficial, are
insufficient on their own. More sustained and structured schemes are required within clinical settings, where healthcare
personnel should be deliberately trained and supported to enhance education and communication with parents.

KEYWORDS: Expanded newborn screening, Metabolic disorders, NBS, Survey, Knowledge gap, Communication challenge.

INTRODUCTION

Newborn screening (NBS) is one of the most effective public health strategies for the early identification of
inherited genetic and metabolic disorders'*. Empowering timely diagnosis and early treatments can help
prevent the progression of such severe diseases, as leaving them untreated often leads to brain damage,
multi-organ failure, or even death®. In fact, NBS has significantly ameliorated the prognosis and quality of
life through an organized approach that coordinates the monitoring and care of patients applying significant

c)®OSE  This workis licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License

22


https://creativecommons.org/licenses/by-nc-sa/4.0/

23 PUBLIC AWARENESS OF NEWBORN SCREENING

surveillance activities®. The application of NBS was pioneered by Robert Guthrie, who in 1959 developed
a bacterial inhibition assay to detect elevated phenylalanine levels using dried blood spots (DBS). This ap-
proach marked the beginning of the first NBS program in the United States, providing a successful proof of
concept for early diagnosis of phenylketonuria (PKU). This allowed prompt treatment of pre-symptomatic
neonates with the possibility to prevent permanent damages’. The panel of pathologies examined through
NBS has gradually increased over the years. In the late 1990s, the introduction of tandem mass spectrometry
(MS/MS) into NBS laboratories revolutionized the clinical paths, allowing comprehensive, fast, sensitive and
accurate quantification of metabolite markers in body fluids®. MS/MS enabled the screening for aminoaci-
dopathies (including PKU), organic acidemias, fatty acid oxidation defects, and urea cycle defects, leading to
the modern concepts of expanded newborn screening (ENBS)*'!. The history of neonatal screening in Italy
began with Legislative Decree No. 104 of 1992, which introduced the screening for three diseases: congenital
hypothyroidism (CH), cystic fibrosis (CF), and PKU. Subsequently, thanks to scientific progress and over 20
years of practice, it was possible to extend neonatal screening activities to many more inherited metabolic
diseases. The panel of diseases subjected to ENBS was established in 2016 (Law 167 of 19 August 2016 and
subsequent Ministerial Decree of 13 October 2016) and currently includes over 40 metabolic disorders. Then,
following the Prime Ministerial Decree of 12 January 2017, ENBS became part of the Essential Assistance
Levels (LEA) and was made mandatory across the entire Italian territory. The ENBS program at the regional
or interregional level is a system divided into the following main functional structures, namely: neonatal
screening laboratory, laboratory for biochemical diagnostic confirmation, laboratory for genetic diagnostic
confirmation, regional reference clinical centers, and regional coordination center of the screening system.
The structure and functions of the current Italian organization have been described by Ruoppolo et al*2
Effective implementation of ENBS not only requires a robust technical infrastructure but also relies on in-
formed parental engagement, especially during critical phases such as post-screening communication and
follow-up. Despite its proven clinical and societal benefits, awareness and understanding of NBS among the
general population remain limited, particularly outside biomedical contexts. For this reason, increasing public
knowledge is crucial.

The psychosocial impact of receiving unexpected newborn screening results or unsolicited genetic
information represents a major concern in ENBS, especially in the case of positive results. There is an
additional consideration that screening tests can generate false-positive results, inducing strong psy-
chosocial effects on parents and families. However, research suggests that parental stress and anxiety
can be significantly mitigated through better parental education about ENBS, improvement of the com-
munication schemes adopted, personalized genetic counseling, and proactive developmental guidan-
ce!®14, Positive tests, confirmed diagnoses, false positives, or variants of uncertain significance (VUS)
can cause significant psychosocial distress, anxiety, confusion, and feelings of helplessness**®. In cases
of false positives or VUS, this distress is often intensified by uncertainty, as parents struggle to interpret
ambiguous health information and worry about potential future risks'®. Studies!*® have shown that
such responses can lead to increased parental stress, altered perceptions of child vulnerability and, in
some cases, long-term effects on the parent-child relationship. Notably, even when follow-up testing
confirms the absence of disease, lingering concerns and altered parenting behaviors may persist*”18, To
reduce the psychosocial burden, tailored interventions have been proposed, including early and em-
pathetic communication from trained healthcare professionals, ideally following structured counseling
protocols that anticipate emotional reactions®®. Providing clear, balanced, and jargon-free explanations
of screening results, supported by visual or written materials, can enhance understanding and reduce
fear®. Incorporating psychosocial support by genetic counselors or psychologists and ensuring continu-
ity of care through follow-up consultations may alleviate parental anxiety?'. Moreover, it is essential to
determine the appropriate timing for delivering information, as educating parents on this subject can
enhance information retention and contribute to better care for both children and parents??. Improved
parental education about newborn screening, effective communication strategies, individualized ge-
netic counseling, and anticipatory guidance can mitigate unexpected communications associated with
diseases with a non-acute neonatal onset, rendering diagnosis acceptance for families less difficult>23.

This work aimed to assess public awareness and attitudes toward ENBS, exploring informational
needs and opinions of people from Naples, Italy. By collecting survey responses, we sought to identify
knowledge gaps and opportunities to improve communication strategies related to neonatal screening
practices. At present, in fact, the implementation of effective educational initiatives is hindered by frag-
mented communication practices, restricted counseling time during perinatal care, limited resources,
and a siloed newborn screening system, all of which create barriers to effective educational experience.
Engaging families, especially those from historically underserved communities, is essential to increase
knowledge, build confidence, and ultimately improve outcomes for children and their families?.
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SUBJECTS AND METHODS

To evaluate the degree of public knowledge about ENBS and awareness of its relevance within the national
healthcare system, a survey was delivered among passers-by in the most frequented areas of the city of
Naples (Campania, Italy) during the Christmas days (22-24 December 2025). The interviews were conducted
through questionnaire distribution, after which informational material was provided to participants to of-
fer detailed screening-related information. Individuals were invited to participate in the survey regardless
of their level of expertise, ensuring the inclusion of both informed and non-specialist respondents. Partici-
pants who consented to take part in this initiative were provided with a questionnaire that could be com-
pleted either on paper or online, according to their preference. The survey instrument was developed by
the authors and comprised 15 questions aimed at collecting demographic information as well as assessing
respondents’ knowledge and awareness of ENBS. The full list of questions proposed during the survey is
reported below, while their relative multiple-choice answers are reported in the Supplementary Material.

Questionnaire on the “Extended neonatal screening — how much do you know?”

1. Whatis your sex?

2. How old are you?

3. What is your level of education?

4. Do you work in the biomedical/healthcare field?

5. Did you know about neonatal screening?

6. Have you ever heard of any of the diseases included in neonatal screening?

7. Do you have children?

8. At the time of childbirth, have you received information about neonatal screening?
9. Do you have a family member/acquaintance with a hereditary metabolic disease?
10. If yes, was it identified by neonatal screening or subsequently?

11. How do you rate this outreach activity?

12. Indicate your appreciation of the dissemination material.

13. What did you learn during this outreach activity?

14. Do you have any questions about extended neonatal screening?

15. If you like, tell us about your experience with extended newborn screening.

Questionnaires were collected directly by the authors, and all data were handled in accordance
with ethical standards, ensuring anonymity and confidentiality. All subjects provided written informed
consent for inclusion in the study and anonymous treatment of the data. Indeed, no personally identifi-
able information was recorded, stored, or processed at any stage of the study. The contribution to this
survey was voluntary, and participants were adequately informed about the initiative prior to question-
naire administration. After data collection, all responses were aggregated into a single matrix dataset.
Questionnaires were screened for completeness and internal consistency. Incomplete questionnaires,
defined as those with more than 20% missing responses, were excluded from further analysis. For ques-
tionnaires with a limited number of missing items, available data were retained without imputation,
given the descriptive nature of the study, and labeled as NS (Not Specified).

Statistical Analysis

The finalized dataset was subsequently analyzed using descriptive statistical methods?, including fre-
guency distributions, percentages, and summary measures, to characterize respondents’ demographic
features and levels of awareness related to ENBS. Statistical analyses and graphical representations
were performed using GraphPad Prism software version 10 (San Diego, CA, USA)%®.

RESULTS

A public engagement initiative was carried out in the city of Naples with the aim of assessing the level of
knowledge of ENBS within the general population and identifying potential communication challenges
affecting its understanding and perception. Through the administration of a structured questionnaire
to passers-by, the initiative allowed the collection of quantitative and qualitative data on participants’
demographic characteristics, awareness and parental knowledge of neonatal screening practices, and
perceptions of the outreach activity itself.
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Demographic Characteristics of the Survey Participants

The questionnaires were compiled by 298 people, representing the 51% of the passers-by (total of 583)
(Figure 1A), and all related data on their demographic characteristics are detailed in Table 1. People
were invited to complete the survey through a paper modality or via an online form, with the majority of
them choosing the paper modality (62%) (Figure 1B). Globally, the mean response rate to the full ques-
tionnaire was 99%, with only sporadic missing responses (1%), mainly involving demographic informa-
tion. The population that responded to the survey showed a prevalence of female subjects (66%) (Figure
1C). However, it was well distributed in terms of age ranges, which were divided into three groups:
young people (under 25 years old), middle-aged adults (between 25 and 40 years old), and older adults

A
0 100%
Passers-by
Filled questionnaire
C D
NS
Male Female >40 <25
25-40
Elementary .
Middle
E NS school school F
PhD High
school Other fields
University Biomedical NS

Table 1. Demographic characteristics of the survey participants.

Figure 1. Descriptive analysis
of demographic and educa-
tional characteristics of the
population of respondents. A,
Distribution of survey respon-
dents over the total of pass-
ers-by. B, Chosen modality of
compilation of the survey. Dis-
tribution of the population of
respondents according to (C)
sex, (D) age range, (E) level of
education, and (F) professional
occupation. NS=Not Specified.

Sex Males (34%) Females (66%)

Age <25 (36%) 25-40 (28%) >40 (35%) NS (1%)

Education PhD/ University High school Middle school Elementary NS (3%)
Specialization degree (42%)  (35%) (6%) school (2%)
(12%)

Work Biomedical Others (52%) NS (1%)
field (47%)

NS=Not Specified.
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(over 40 years old). The 1% did not declare their age (NS, not specified) (Figure 1D). A heterogeneous
distribution was observed in terms of educational background: 42% of the participants held a university
degree and only 12% had a higher title (PhD or specialization), 35% completed high school, 6% conclud-
ed middle school, and 2% of the participants stopped their studies during elementary education. Finally,
3% of respondents did not indicate their level of education (NS) (Figure 1E). The professional occupation
of respondents also showed a good level of diversity. Nearly half of them (47%) reported working in the
biomedical or healthcare field, while 52% indicated that they did not work in this sector (Figure 1F).

Awareness of Newborn Screening in the General Population and Parental Gaps

The data collected from responses revealed a significant lack of awareness regarding ENBS among the
general population. In our survey, in fact, to the question “Did you know about neonatal screening?” 62%
of respondents replied “No”, demonstrating that they were unaware of ENBS procedures. An additional
5% did not respond to this question (NS), resulting in a minority of individuals (33%) who reported under-
standing this crucial health initiative (Figure 2A). Considering the heterogeneity of passers-by with rela-
tion to their educational and professional background, this lack of knowledge was notably higher among
individuals without professional experience in biomedical/healthcare fields (80% of “No” respondents)
or among subjects with no high academic qualifications (50% of “No” respondents) (Figure 2B). Finally,
people without both a university degree and a biomedical occupation corresponded to 43.3% of “No” re-
spondents (Figure 2B), indicating a positive correlation between educational/professional background and
knowledge of ENBS. Among the total interviewees, survey data reveal that 36% of respondents declared
to have children (Figure 2C). However, within this group, it emerged that more than half of these parents
were unaware that neonatal screening had been performed on their child at birth (Figure 2D).

0 100%
No biomedical/healthcare
professional background
Yes

No degree
Both conditions

Did you know about neonatal screening?

¢ 0 100%

With kids

Figure 2. Distribution of
respondents to the main
questions about ENBS
knowledge. A, Distribution
of respondents to the ques-
tion “Did you know about
neonatal screening?” and D
(B) percentage of “No” re-
spondents according to
their professional and ed-
ucational background. C,
Respondents reported hav-
ing or not having children.
D, Parent awareness about

Without kids

Yes

At the time of childbirth, have

ENBS testing performed
at the time of childbirth.
NS=Not Specified.

you received information
about neonatal screening?
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Participant Feedback and Emerging Questions

A specific need to gain more insight into ENBS emerged from questions 11 and 12 regarding appreciation
of the outreach activity, and from some emblematic replies collected in the final open-ended questions
13-15. Public feedback gathered during our health outreach activity is summarized in Figure 3. When
asked to rate the initiative, most participants gave the highest rating on a 1-to-3 scale, with the vast ma-
jority choosing “3” (Figure 3A). Similarly, when asked about the dissemination material provided, most
participants selected “5” on a 1-to-5 scale, indicating high satisfaction (Figure 3B). These results suggest
that the initiative was well-received and that the materials used were effective at engaging the public.
Open-ended responses provided valuable insight into what participants gained from the outreach ac-
tivity and what information they still want to get. Some subjects discovered the possibility of diagnosis
at birth and prevention in early childhood. A few of them showed interest in the coverage of disorders
that can be screened, emphasizing how this information had changed their perception of newborn care.
Other participants asked for clarification on which tests are mandatory and automatically performed at
birth, vs. those that are optional or require parental consent.

3 2 1 NS 5 4 3 2 1 NS
How do you rate this outreach activity? Indicate your appreciation on the dissemination material

Figure 3. Appreciation rating of participants to the survey about (A) the proposed health outreach activity (1-to-3
scale) and (B) the dissemination material distributed (1-to-5 scale). NS=Not Specified.

DISCUSSION

The results presented below provide an overview of the surveyed population, highlighting key gaps in
awareness, as well as emerging needs for improved information and communication strategies related
to ENBS.

This study provides real-world evidence of a substantial gap in public awareness. Despite the high
participation rate, around two-thirds of respondents reported no prior knowledge of neonatal screen-
ing. While the demographic profile of the surveyed population was relatively heterogeneous, our find-
ings require attention as a considerable proportion was represented by individuals with higher educa-
tion and professional experience in the biomedical or healthcare field. This aspect, likely related to the
voluntary nature of participation and the interest in health-related topics, may have introduced a selec-
tion bias and should therefore be considered a limitation of the study. Nevertheless, a substantial lack of
awareness regarding ENBS was still observed, suggesting that knowledge within the general population
may be even lower than that detected in our cohort.

Literature and historical experience in public health, particularly in preventive screening, clearly
show how socio-economic and educational inequalities can influence the understanding and accessi-
bility of health programs, including newborn screening®2’. Accordingly, our results corroborate these
achievements, highlighting that individuals with lower educational levels or from a different profession-
al occupation are less informed. This underscores the urgent need for more effective and accessible
educational strategies to raise awareness about the value of newborn screening and its impact on child
health?®%,
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A concerning result that emerged from this survey is the limited awareness among parents of the
newborn screening procedures performed on their own children. This gap is alarming as parents’ un-
derstanding can significantly influence their engagement in follow-up care and interventions necessary
for their child’s health®. Furthermore, adequate information at the time of childbirth or before it may
help the communication with the clinical staff in case of recall or notification of a positivity to one of
the diseases included in the program. Parents who are insufficiently informed may experience confu-
sion or anxiety in the event of a recall or a positive screening result, potentially compromising trust in
healthcare providers and adherence to follow-up pathways. Informed parental engagement is a key
component of effective screening programs, as it facilitates timely communications and continuity of
care, guaranteeing full engagement in child healthcare3..

Notwithstanding, an encouraging finding was represented by the high level of appreciation ex-
pressed by participants toward the outreach initiative and the dissemination of materials. Participants
expressed the need to be better informed, especially before or during hospitalization for childbirth,
to be more conscious regarding the health of their newborns or potential risks. The positive feed-
back indicates that public engagement activities can be effective tools for increasing interest, aware-
ness, and understanding of newborn screening®. These reflections highlight the value of knowledge
spreading, but also underscore the necessity for clear, accessible, and proactive communication with-
in healthcare settings.

CONCLUSIONS

This study collected data from surveys administered to passers-by in the most frequented areas of
the city of Naples with reference to ENBS to quantify the degree of public knowledge. Our initiative in-
cluded several valuable components: the presence of experts available to answer questions, brochures
on ENBS (including lysosomal storage disorders), and informational flyers. These elements offered a
comprehensive overview and allowed for personal engagement with the public. The responses to the
qguestionnaire “Extended neonatal screening — how much do you know?” made it clear that more struc-
tured communication strategies are needed. Informing the public should not rely solely on events or
printed materials. Training on ENBS also needs to be strengthened within healthcare facilities. Nurses
and clinical staff involved in the neonatal screening process need to be adequately trained to provide
parents with clear and early guidance®. Given the crucial importance of these tests for a child’s health,
early communication must be both informative and empathetic, addressing parents’ questions and
emotional needs from the very first interaction. This approach is instrumental in preparing families for
potential follow-up steps, such as recall notifications or additional testing, to minimize distress and re-
duce possible harm to children and their families?*. Indeed, parental reactions are closely linked to the
quality of communication they receive throughout the screening process. While the outreach activity
was successful in terms of public satisfaction, the persistent knowledge gap highlights the need for
ongoing, more integrated communication strategies to guide parents and families through subsequent
steps with confidence and clarity.
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ABSTRACT - Objective: The aim of this study was to evaluate the performance of free-tier large language models
(LLMs) in providing dietary recommendations for inherited metabolic disorders (IMDs), with a focus on scientific
accuracy, completeness, and response consistency of generated responses across models under real-world con-
ditions.

Materials and Methods: This cross-sectional benchmarking study assessed four LLMs — ChatGPT, GitHub Copi-
lot, Gemini and Claude — using 30 standardized clinical questions on dietary management in IMDs. Models were te-
sted under real-world free-tier conditions, without fine-tuning or prompt engineering. Each question was submit-
ted three times to each model. Responses were independently evaluated by three metabolic dietitians using a
6-point ordinal scale for scientific accuracy and completeness, while response consistency was assessed across
repeated outputs. Inter-rater agreement was assessed using the intraclass correlation coefficient (ICC).
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Results: A total of 359 unique responses were collected for evaluation. Safety guardrails were activated in 18.4%
of responses, with substantial variability across models and clinical domains. Of these, 80.3% resulted in a complete
block and were excluded from the analysis. Consequently, the final sample consisted of 306 responses. Model perfor-
mance was heterogeneous: ChatGPT achieved the highest and most consistent scores, with no severe inaccuracies
or omissions. Copilot, Gemini and Claude showed intermediate performance, with relevant variability. Across clinical
domains, responses related to diet planning and clinical monitoring were generally more stable, whereas dietary sup-
plementation and nutritional requirements showed greater variability and clinically relevant errors. Poor response
consistency was observed in 64.7% of responses, indicating limited consistency across repeated identical prompts.
Inter-rater agreement is defined as poor for accuracy, completeness, and response consistency.

Conclusions: The performance of free-tier LLMs in IMD dietary management is heterogeneous, with substan-
tial limitations in response consistency and in clinically complex scenarios. These findings indicate that current
models are not yet suitable for autonomous clinical use and can be dangerous to use without a healthcare profes-
sional’s oversight.

KEYWORDS: Artificial intelligence, Large language models, Dietetics, Inherited metabolic disorder, Clinical decision
support.

ABBREVIATIONS: Al, artificial intelligence; CKD, chronic kidney disease; IMD, inherited metabolic disorder; IMDs, inhe-
rited metabolic disorders; ICC, intraclass correlation coefficient; Q1, first quartile; Q3, third quartile; LLM, large lan-
guage model; LLMs, large language models; MMA, methylmalonic acidemia; RAG, retrieval-augmented generation.
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Graphical Abstract. Comparative evaluation of four free-tier large language models in answering patient-like
questions on dietary management of inherited metabolic disorders, assessing scientific accuracy, completeness,
and response consistency under real-world conditions, and demonstrating heterogeneous performance with lim-
itations for autonomous clinical use.

INTRODUCTION

Internet searches for health-related information represent a rapidly expanding phenomenon in modern
healthcare communication. Advances in artificial intelligence (Al) have led to the development of large
language models (LLMs), such as ChatGPT, which use natural language processing and machine learning
techniques to generate contextually appropriate, human-like responses to user queries®. These systems
are increasingly able to synthesize information and provide coherent, interactive answers, contributing
to growing interest in their use as accessible tools for preliminary medical and health-related guidance?.
These tools may offer advantages by providing real-time, personalized information and enhancing patient
engagement®. More broadly, Al and machine learning methods are increasingly being applied in nutri-
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tion research to address high-dimensional datasets, enable predictive modeling, and support personalized
dietary recommendations®. These approaches range from classical statistical learning techniques to ad-
vanced deep learning architectures, including models such as LLMs that can process unstructured clinical
and nutritional text data®. However, despite their rapid adoption, the effectiveness and reliability of LLMs
in providing domain-specific guidance remain insufficiently characterized. Recent scoping evidence indi-
cates that, although a growing number of studies have explored applications of LLMs in nutrition and di-
etetics, most investigations are based on hypothetical scenarios rather than real-world clinical implemen-
tations, with limited use of domain-specific or retrieval-augmented approaches®. In particular, their utility
in nutritional counseling and dietary management has not been fully evaluated, especially in the context
of rare and complex conditions such as inherited metabolic disorders (IMDs). Dietary management in IMDs
is particularly challenging because recommendations are disease-specific, age-dependent, and frequently
require continuous adjustment according to biochemical monitoring and metabolic control. The aim of
this study was to evaluate the scientific accuracy, completeness, and response consistency of responses
generated by four freely available LLMs (ChatGPT, GitHub Copilot Free, Gemini, and Claude) to standard-
ized patient-oriented questions concerning dietary management in IMDs. Responses were independently
assessed by expert metabolic dietitians according to current clinical guidelines.

MATERIALS AND METHODS
Study Design

To address the current lack of evidence regarding the reliability of freely available LLMs in providing dietary
recommendations for IMDs, we conducted a cross-sectional comparative study. Four LLMs (ChatGPT,
GitHub Copilot Free, Gemini, and Claude) were assessed under real-world conditions using their publicly
accessible free versions, without fine-tuning, retrieval-augmented generation (RAG), or domain-specific
prompt engineering. The overall study design is summarized in Figure 1. The study consisted of three se-
guential phases: (i) development of standardized patient-style questions, (ii) response generation by each
LLM under identical conditions, and (iii) blinded evaluation of responses by expert metabolic dietitians.

STUDY DESIGN

Phase 1
Development
of patient-style questions

Phase 2
LLMs testing under
real-world conditions

Phase 3
Blinded evaluation
of responses

n?s
° L]
—
FOPEEEORNNAR
30 questions Gemini 30 questions
D . F——m x 3 repetitions
_ Domains: x 4 LLMs « Scientific Accuracy
 nutrients requirements, « Completeness
+ diet planning, - - Consistency
* supplements, Copilot
+ clinical monitoring p—)
- = - Claude — - - —
——— _

Questions developed
by 2 metabolic dietitians
and independently reviewed
by 1 dietitian

Testing performed
by 3 metabolic dietitians located
in 3 different countries

Evaluation performed

by 3 dietitians located

in 3 different countries
and blinded to model identity

Figure 1. Study design illustrating the evaluation of free-tier LLM responses to patient-style dietary management

queries for IMDs.
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Questions Development

A standardized set of 30 clinically relevant questions was developed to cover the main domains of dietary
management in IMDs (Appendix 1): nutrient requirements and restrictions (n = 10), diet planning (n = 5),
dietary supplements (n = 5), and clinical considerations and monitoring (n = 10).

The complete set of questions is available in Appendix 1, while Table 1 provides an overview of the in-
vestigated dietary management domains together with representative questions submitted to the LLMs.
Questions were developed by two experienced metabolic dietitians based on current dietary guidelines
for IMDs and independently reviewed by a third metabolic dietitian. As the study involved experts from
different countries, all questions were standardized and submitted to the LLMs in English. Content va-
lidity was established through alignment with current international guideline recommendations’*® and
representative real-world clinical scenarios. The question set was designed to encompass different levels
of complexity, ranging from basic nutritional knowledge to advanced clinical decision-making. Any dis-
agreements regarding the wording or content of the questions were resolved by consensus. Investigators
involved in question development did not participate in LLM testing or response evaluation.

Table 1. Main investigated topics and categories with representative questions submitted to the LLMs.

Nutrient Diet planning Dietary Clinical
requirements supplements considerations
and restrictions and monitoring

Disorders of protein ¢ Low-protein foods e Meals at ¢ PSrecommended e Night-time DBS
or amino acid e Highinlysine foods a restaurant dose collection
metabolism GA |, ¢ Low in Phe foods e Gastrointestinal e DBS results
TYRII, UCD, MSUD, e Breastfeeding symptoms * Pregnancy
PKU, MMA, CTLN 1 following PS use * Emergency feeds

(vomiting)

Disorders of carbo- e lactose-free ¢ Ketones levels o Multivitamin * Obesity and
hydrate metabolism dairy products e Daily snacks supplements weight loss
GAL, HFI,GSD |, ¢ Ketogenic diet ¢ |deas for
GSD I, GSD V ¢ Fructose in breakfast

vegetables

Defects of fatty acid ¢ Low-fat foods ¢ Number of meals ® Maltodextrin e Sports
beta-oxidation VLCAD, during the day use and physical e Hiking
LCHAD, CPT 2 and night activity

CPT Il, carnitine palmitoyltransferase Il deficiency; CTLN1, citrullinemia type |; DBS, dried blood spot; GA
I, glutaric aciduria type I; GAL, galactosemia; GSD |, glycogen storage disease type I; GSD lll, glycogen sto-
rage disease type lll; GSD V, glycogen storage disease type V; HFI, hereditary fructose intolerance; LCHAD,
long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency; MMA, methylmalonic acidemia/aciduria; MSUD,
maple syrup urine disease; Phe, phenylalanine; PKU, phenylketonuria; PS, protein substitute; TYR Il, tyrosi-
nemia type Il; UCD, urea cycle disorders; VLCAD, very-long-chain acyl-CoA dehydrogenase deficiency.

LLMs Selection

Four freely available LLMs were evaluated: 1. ChatGPT (OpenAl, free version), accessed through Ope-
nAl’s publicly available web interface. The exact model version and inference configuration were not
disclosed by the provider. 2. GitHub Copilot Free (GitHub/Microsoft), accessed through the GitHub Co-
pilot interface. This platform dynamically routes user requests to different LLMs depending on system
availability, without disclosing the specific model used for each interaction. 3. Gemini (Google, free
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version), accessed through Google’s publicly available web interface. Although access was provided to
the Gemini family of models, the exact model variant and configuration were not specified. 4. Claude
(Anthropic, free version), accessed through Anthropic’s publicly available web interface. The precise
model version and inference parameters were not disclosed. All models were evaluated using their pub-
licly accessible free versions without subscription plans, custom instructions, fine-tuning, or external
knowledge integration. Testing was conducted under routine user conditions, with the understanding
that free-tier services may be subject to usage limits and dynamic model allocation policies.

Model Testing Procedure

All LLMs were evaluated using their default configurations without fine-tuning, custom instructions, or ad-
ditional prompt engineering. Each model was accessed through a newly created, neutral free-tier account
with no prior interaction history. To minimize potential personalization effects, each query was submitted
in a separate chat session, thereby preventing conversational memory from influencing subsequent re-
sponses. Identical, clinically phrased prompts were submitted to all models. Each question was entered
three times independently for each LLM to assess response consistency. Model testing was performed by
three metabolic dietitians from three different countries (Brazil, Austria, and Italy), who were responsible
for submitting the standardized questions and collecting the generated responses. These investigators
were not involved in either question development or response evaluation. All interactions with the LLMs
were conducted through their respective publicly available web interfaces between February and March
2026. Testing sessions were distributed across different days to reduce the potential influence of transient
server load or temporary model updates. The exact version of the model and its inference configuration
were not made available by the provider. Because LLM providers implement silent updates and automatic
changes without notifying users, it was not possible for users of the free versions to determine or verify
the specific model version generating the response. No follow-up questions or clarifications were provided
after the initial prompt, and responses were recorded without modification.

Response Evaluation

Responses were independently evaluated by three metabolic dietitians from three different countries (ltaly,
the United Kingdom, and Spain), all with extensive experience in the clinical management of IMDs and a
peer-reviewed publication record in the field. To minimize assessment bias, all responses were anonymized,
randomized, and evaluated in a blinded manner with respect to model identity. Each evaluator independent-
ly assessed all responses using predefined scoring criteria. As all prompts and responses were generated in
English, evaluations were also performed in English. All evaluators were proficient in English and had more
than 10 years of experience in the clinical management of IMDs, ensuring reliable and consistent assessment.

Outcome Measures

e Scientific accuracy was defined as the extent to which each response was consistent with current
evidence-based dietary guidelines for IMDs. Each response was rated using a 6-point ordinal scale:
0 = serious scientific inaccuracies; 1 = major inaccuracies; 2 = some inaccuracies; 3 = mostly accurate
with minor errors; 4 = accurate with only very minor or negligible errors; and 5 = completely accurate
according to current evidence-based guidelines. Higher scores indicated greater scientific accuracy.
Completeness was defined as the extent to which each response addressed all clinically relevant
elements required to provide a comprehensive answer to the question. Responses were rated using
a 6-point ordinal scale: 0 = fails to address the question; 1 = addresses very few relevant aspects; 2
= addresses some relevant aspects; 3 = addresses most relevant aspects; 4 = addresses all relevant
aspects with minor omissions or limited depth; and 5 = fully addresses all relevant aspects of the
guestion. Higher scores indicated greater completeness.

Response consistency: Response reproducibility was defined as the consistency of responses gener-
ated by the same LLM when presented with identical prompts across repeated independent runs. For
each question—model pair, three independently generated responses were compared descriptively
to assess within-model response consistency. Responses were classified as fully consistent (score =
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2), partially consistent (score = 1), or inconsistent (score = 0). A score of 2 indicated that all three re-
sponses conveyed essentially the same information with only negligible wording differences; a score
of 1 indicated minor variations in wording or emphasis without changes in the overall content; and a
score of 0 indicated substantial differences in the information or recommendations provided.

¢ Inter-rater agreement. Agreement among the three independent evaluators was assessed for each out-
come domain (scientific accuracy, completeness, and response consistency) using the intraclass correla-
tion coefficient (ICC). A two-way random-effects model with absolute agreement was used, as all re-
sponses were independently evaluated by the same three raters, who were considered representative of
a broader population of expert metabolic dietitians. ICC values were interpreted according to commonly
accepted criteria: <0.50, poor; 0.50-0.75, moderate; 0.75-0.90, good; and >0.90, excellent agreement. In
addition, the percentage agreement among evaluators was calculated as a descriptive measure.

Statistical Analysis

All outcomes were analyzed using descriptive statistics. For scientific accuracy and completeness, scores
assigned by the three independent evaluators were aggregated at the response level using two comple-
mentary approaches. First, the mean score across evaluators was calculated for each response, and the
resulting values were summarized using the median and first and third quartiles (Q1-Q3). Second, the
median score across evaluators was calculated for each response and subsequently summarized using the
overall median and Q1-Q3. These two approaches were reported to provide complementary estimates
of central tendency and variability, with the median-based aggregation providing a more robust measure
less influenced by potential outlier ratings among evaluators. Response-level median scores were used to
identify extreme performance outcomes. Severe inaccuracy and severe incompleteness were defined as
median scores <1.5 on the 6-point ordinal scale. For response reproducibility, consistency scores derived
from repeated runs of each LLM were summarized descriptively using median values and Q1-Q3. Poor
response reproducibility was defined as a median consistency score <2. Inter-rater agreement among the
three independent evaluators was assessed for each outcome domain (scientific accuracy, completeness,
and response consistency) using the ICC, as described above. A two-way random-effects model with ab-
solute agreement and average measures [ICC(2,k)] was applied. ICC values were interpreted according
to commonly accepted criteria: <0.50, poor; 0.50-0.75, moderate; 0.75-0.90, good; and >0.90, excellent
agreement. Safety guardrails identified in LLM-generated responses were characterized using descriptive
analyses. No comparative inferential analyses between LLMs were performed.

Ethical Considerations

This study evaluated only Al-generated outputs; no human participants or patient data were included.
Expert participation was voluntary.

RESULTS

Atotal of 360 Al-generated responses were initially collected across four free-tier LLMs. Before the blinded
evaluation phase, one response was excluded due to a data collection error, as a duplicated response had
been inadvertently recorded for a different query (diet planning domain, Question 2, Gemini — Model C).
The final dataset, subjected to expert evaluation and statistical analysis, therefore consisted of 359 unique
responses. When LLMs were unable to fully address specific medical queries, safety guardrails were acti-
vated in 18.4% of cases (66/359). Of these, 80.3% (53/66) resulted in a complete block with no scientific
content and were excluded from the analysis. Consequently, the final sample consisted of 306 responses.

Overall Model Performance
Overall performance varied across platforms. ChatGPT (Model A) showed the highest overall perfor-

mance, with a consensus median scientific accuracy score of 4.0 (4.0-4.0) and a median of averaged
scores of 4.0 (3.3-4.3). Completeness was also high, with a consensus median score of 4.0 (4.0-4.0) and
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a median of averaged scores of 4.0 (3.7-4.3). In contrast, GitHub Copilot (Model B) showed low perfor-
mance in scientific accuracy, with a consensus median scientific accuracy score of 3.0 (2.0-3.0) and a
median of averaged scores of 3.3 (3.0-3.7). Completeness followed a different pattern, with a consensus
median score of 4.0 (3.0-4.0) and a median of averaged scores of 3.3 (3.0-3.7). Gemini (Model C) and
Claude (Model D) showed comparable performance. Gemini had a consensus median scientific accuracy
score of 3.0 (2.0-4.0) and a median of averaged scores of 3.3 (2.7-3.7); completeness was similar, with a
consensus median score of 3.0 (3.0-3.0) and a median of averaged scores of 3.3 (3.0-3.7). Claude had a
consensus median scientific accuracy score of 3.0 (3.0-4.0) and a median of averaged scores of 3.3 (2.7-
3.7). Completeness was slightly lower, with a consensus median score of 3.0 (3.0-3.0) and a median of
averaged scores of 3.0 (2.7-3.3). Table 2 summarizes the performance of the evaluated models.

Table 2. Summary of the overall model performance, reporting scientific accuracy
and completeness, together with the number of severe inaccuracies and instances of severe

incompleteness for each model.

Model Scientific Completeness*  Severe Severe
accuracy* inaccuracies % incompleteness %
(n/total number (n/total number
of responses) of responses)
Model A 4.0 (4.0-4.0)/ 4.0 (4.0-4.0)/ 0.0% (0/90) 0.0% (0/90)
(ChatGPT) 4.0(3.3-4.3) 4.0(3.7-4.3)
Model B 3.0(2.0-3.0)/ 4.0 (3.0-4.0)/ 2.4% (1/42) 0.0% (0/42)
(Copilot) 3.3(3.0-3.7) 3.3(3.0-3.7)
Model C 3.0 (2.0-4.0)/ 3.0(3.0-3.0)/ 6.0% (5/84) 6.0% (5/84)
(Gemini) 3.3(2.7-3.7) 3.3(3.0-3.7)
Model D 3.0 (3.0-4.0)/ 3.0(3.0-3.0)/ 8.9% (8/90) 0.0% (0/90)
(Claude) 3.3(2.7-3.7) 3.0(2.7-3.3)
Total - - 4.6% (14/306) 1.6% (5/306)

*Data are presented as consensus median (Q1-Q3)/median of averaged scores (Q1-Q3). Severe inaccuracies and in-
completeness are defined as a consensus median score <1.5. For Scientific Accuracy: 0 = serious scientific inaccuracies;
1 =major inaccuracies; 2 = some inaccuracies; 3 = mostly accurate with minor errors; 4 = accurate with only very minor
or negligible errors; 5 = completely accurate based on current evidence-based guidelines. For Completeness: 0 = fails
to address the question; 1 = addresses very few aspects; 2 = addresses some aspects; 3 = addresses most aspects; 4 =
addresses all aspects with minor omissions or limited depth; 5 = fully addresses all aspects of the question.

Performance by Clinical Domain

Performance varied across clinical domains, reflecting differences in task complexity. In the domain of
“nutrient requirements and restrictions”, models achieved a consensus median scientific accuracy score
of 3.0 (3.0-4.0) and a median of averaged scores of 3.3 (2.7-3.7). Completeness followed a similar distri-
bution, with a consensus median score of 3.0 (3.0-4.0) and a median of averaged scores of 3.3 (3.0-3.7).
“Diet planning” showed similar performance, reaching a consensus median score of 3.0 (3.0-3.0) and
a median of averaged scores of 3.3 (3.3-3.3) for both scientific accuracy and completeness, reflecting
absolute consistency in the averaged metrics.

The highest scientific accuracy was observed in the “dietary supplement” domain, which reached a
consensus median score of 4.0 (4.0-4.0) and a median of averaged scores of 3.8 (3.8-3.8). Completeness
in this domain presented a median score of 4.0 (4.0-4.0) and a median of averaged scores of 3.7 (3.7-3.7).

In contrast, the “clinical considerations and monitoring” domain showed comparable performance,
with a slightly higher average accuracy. For scientific accuracy, this domain achieved a consensus medi-
an score of 3.0 (3.0-4.0) and a median of averaged scores of 3.7 (3.0-4.0). For completeness, it reached
a consensus median score of 3.0 (3.0-4.0) and a median of averaged scores of 3.3 (3.3-3.7). Table 3 sum-
marizes the performance across the clinical domain.
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Table 3. Summary of the performance across clinical domains, reporting clinical accuracy
and completeness, together with the number of severe inaccuracies and instances of severe
incompleteness for each domain.

Clinical Scientific Completeness*  Severe Severe
domain accuracy* inaccuracies % incompleteness %
(n/total number  (n/total number
of responses) of responses)
Nutrient 3.0 (3.0-4.0)/ 3.0 (3.0-4.0)/ 4.6% (5/108) 1.9% (2/108)
requirements 3.3(2.7-3.7) 3.3(3.0-3.7)
and restrictions
Diet planning 3.0(3.0-3.0)/ 3.0(3.0-3.0)/ 2.1% (1/47) 0.0% (0/47)
3.3(3.3-3.3) 3.3(3.3-3.3)
Dietary 4.0 (4.0-4.0)/  4.0(4.0-4.0)/ 10.0% (5/50) 4.0% (2/50)
supplements 3.8(3.8-3.8) 3.7 (3.7-3.7)
Clinical 3.0 (3.0-4.0)/ 3.0(3.0-4.0)/ 3.0% (3/101) 1.0% (1/101)
considerations 3.7 (3.0-4.0) 3.3(3.3-3.7)
and monitoring
Total - - 4.6% (14/306) 1.6% (5/306)

*Data are presented as consensus median (Q1-Q3)/median of averaged scores (Q1-Q3). Severe inaccuracies and in-
completeness are defined as a consensus median score < 1.5. For Scientific Accuracy: 0 = serious scientific inaccuracies;
1 =major inaccuracies; 2 = some inaccuracies; 3 = mostly accurate with minor errors; 4 = accurate with only very minor
or negligible errors; 5 = completely accurate based on current evidence-based guidelines. For Completeness: 0 = fails
to address the question; 1 = addresses very few aspects; 2 = addresses some aspects; 3 = addresses most aspects; 4 =
addresses all aspects with minor omissions or limited depth; 5 = fully addresses all aspects of the question.

Critical Failures: Severe Inaccuracies and Incompleteness

Overall, severe scientific inaccuracies were identified in 4.6% of responses (14/306), while severe incom-
pleteness was observed in 1.6% (5/306). When stratified by LLM, the distribution of critical failures was
uneven. Claude accounted for the highest rate of severe inaccuracies (8.9%, 8/90). Gemini and GitHub
Copilot showed lower rates, observed in 6.0% (5/84) and 2.4% (1/42) of responses, respectively. Gemini
was the only model presenting severe incompleteness (6.0%, 5/84). ChatGPT did not generate any re-
sponses classified as severely inaccurate or severely incomplete based on the consensus median score.

When the 14 severe scientific inaccuracies were stratified by clinical domain, a notable pattern
emerged in the “dietary supplement” domain: despite having the highest overall median accuracy, this
domain contained the highest number of severe errors (10.0%, 5/50). The remaining severe inaccuracies
were distributed across “nutrient requirements and restrictions” (4.6%, 5/108), “clinical considerations
and monitoring” (3.0%, 3/101), and “diet planning” (2.1%, 1/47).

Regarding severe incompleteness, the five identified cases were concentrated within specific clinical
domains. The highest number of critical omissions occurred in the “dietary supplement” domain (4.0%,
2/50), followed by “nutrient requirements and restrictions” (1.9%, 2/108) and “clinical considerations
and monitoring” (1.0%, 1/101). Table 2 summarizes the performance of the evaluated models with re-
spect to scientific accuracy, completeness, number of severe inaccuracies, and severe incompleteness.
Table 3 presents an analogous analysis within the clinical domain.

Response Consistency

The models showed limited consistency when the same query was submitted multiple times. Overall,
64.7% of responses (198/306) were classified as inconsistent or only partially consistent across the three
repetitions. Detailed results of the response consistency analysis, stratified by model and clinical do-
main, are presented in Tables 4 and 5.
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Table 4. Response consistency across models, reporting the proportion of responses
with poor response consistency (median consistency score <2) and those with full consistency
(consistency score=2).

Model Poor consistency (score <2), Fully consistent (score=2),
% (n/total number % (n/total number
of responses) of responses)

Model A (ChatGPT) 60.0% (54/90) 40.0% (36/90)

Model B (Copilot) 92.9% (39/42) 7.1% (3/42)

Model C (Gemini) 82.1% (69/84) 17.9% (15/84)

Model D (Claude) 40.0% (36/90) 60.0% (54/90)

Total 64.7% (198/306) 35.3% (108/306)

Table 5. Response consistency across clinical domains, reporting the proportion of responses

with poor response consistency (median consistency score <2) and those with full consistency
(consistency score=2).

Clinical Domain Poor consistency, Fully consistency
(score <2)% (n) (score = 2), % (n)

Nutrient requirements and restrictions 66.7% (72/108) 33.3% (36/108)

Diet planning 74.5% (35/47) 25.5% (12/47)

Dietary supplements 58.0% (29/50) 42.0% (21/50)

Clinical considerations and monitoring 66.4% (62/101) 33.6% (39/101)

Total 64.7% (198/306) 35.3% (108/306)

Inter-rater Agreement

Inter-rater agreement was poor across all outcome domains. For scientific accuracy, the 1CC(2,k) was
0.468 (95% Cl: 0.36-0.56; p<0.001), indicating poor agreement among evaluators. Similarly, completeness
showed poor agreement, with an ICC(2,k) of 0.351 (95% Cl: 0.20-0.47; p<0.001). Finally, response reproduc-
ibility also demonstrated poor agreement, with an ICC(2,k) of 0.312 (95% Cl: -0.01-0.53; p<0.001) (Table 6).

Table 6. Inter-rater agreement for each evaluation metric, reporting ICC(2,k) values

and corresponding 95% confidence intervals (Cl) for scientific accuracy, completeness,
and response reproducibility.

Metric 1CC(2,k) 95% Cl p-value Interpretation
Scientific accuracy 0.468 0.36, 0.56 <0.001 Poor
Completeness 0.351 0.2,0.47 <0.001 Poor
Response consistency 0.312 -0.01, 0.53 <0.001 Poor

Data interpretation: <0.50, poor; 0.50-0.75, moderate; 0.75-0.90, good; and >0.90, excellent agreement.
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Safety Guardrails

Safety guardrails were activated in 18.4% of cases (66/359) when LLMs were unable to fully address
specific medical queries. Among these, 80.3% (53/66) resulted in a complete response block with no
scientific content, whereas 19.7% (13/66) generated a partial response that included a recommendation
to seek clinical consultation while still providing scientific information.

Considering the median scientific accuracy and completeness scores across all 359 responses, an im-
portant association with the activation of safety filters emerged. Specifically, a median scientific accuracy
score of 0.0 was observed in 7 of the 359 responses, and all of these cases were associated with the acti-
vation of safety mechanisms. Of these seven responses, 1/7 belonged to the “diet planning” domain and
6/7 to the “dietary supplement” domain. Looking at the model, 4/7 responses were generated by Copilot
(Model B) and 3/7 by Gemini (Model C), with most cases occurring during Testing 3 (5/7) rather than Test-
ing 2 (2/7). Similarly, 8 responses received a median completeness score of 0.0, all associated with safety
filter activation. These cases involved the “diet planning” (2/8), “dietary supplement” (5/8), and “clinical
considerations and monitoring” (1/8) domains. Copilot (Model B) and Gemini (Model C) each accounted
for four responses, with most cases occurring during Testing 3 (6/8) rather than Testing 2 (2/8).

Excluding responses with a median score of 0.0 (i.e., fully blocked outputs), 59 responses remained
for the analysis of scientific accuracy and 58 for completeness. For the 59 responses assessed for scien-
tific accuracy, safety mechanisms led to complete blocks in 39 cases, partial blocks in 13 cases, and brief
pathology-only explanations in seven cases. A similar distribution was observed for the 58 responses
assessed for completeness, with 39 cases resulting in a complete block, 12 in a partial block, and seven
providing only a brief pathological overview before termination.

For scientific accuracy, safety mechanism activation was highest in GitHub Copilot (Model B; 53.3%,
48/90), followed by Gemini (Model C; 20.2%, 18/89), while no activations were observed for ChatGPT
(Model A) or Claude (Model D). A qualitative divergence was observed in the implementation of safety
filters across LLMs. Model B (GitHub Copilot) exhibited a more rigid safety architecture, with restrictions
manifesting almost exclusively as complete blocks (87.5%, 42/48) or, in a minority of cases, as brief pathol-
ogy-only explanations (12.5%, 6/48). No mid-generation terminations were observed. In contrast, Model C
(Gemini) showed a more reactive filtering behavior, with 72.2% (13/18) of safety interventions resulting in
partial blocks characterized by mid-output interruption. Notably, Model C accounted for all partial blocks
observed in the study, indicating a distinct approach to clinical content restriction compared with Model B.

Activation varied across clinical domains, peaking in “dietary supplement” (21.7%, 13/120) and “diet
planning” (20.3%, 12/59), and being lowest in “nutrient requirements and restrictions” (15.0%, 23/120).
Safety restriction patterns varied by clinical domain. Clinical considerations and monitoring elicited the
most rigid responses, with 82.6% (19/23) resulting in complete blocks. In contrast, nutrient require-
ments and restrictions showed a more heterogeneous distribution (seven complete blocks, six partial
blocks, and five brief pathology-only responses).

Substantial geographic and session-based variability was also observed, with activation occurring
during Testing 2 in Brazil (18.3%, 22/120) and peaking during Testing 3 in Austria (37.0%, 44/129), while
no activations were observed during Testing 1 in Italy.

Responses in which the safety mechanism was applied were not evaluated uniformly by the three
evaluators. Regarding scientific accuracy (0.0-5.0 scale), 32.3% (64/198) received a score of 0.0, 13.1%
(26/198) a score of 1.0, 41.9% (83/198) a score of 2.0, 7.1% (14/198) a score of 3.0, 4.0% (8/198) a score
of 4.0, and only 1.5% (3/198) achieved the maximum score of 5.0. Evaluator 2 applied a stricter scoring
approach, assigning 0.0 in 86.4% of cases (57/66), whereas Evaluator 1 and Evaluator 3 predominantly
assigned scores of 2.0 (54.5%, 36/66 and 71.2%, 47/66, respectively). Out of 1,077 total evaluations,
only 8 (0.7%) received a scientific accuracy score of 0.0 without safety mechanism activation, reflecting
incorrect rather than safety-restricted responses.

DISCUSSION

In this study, the performance of free-tier LLMs applied to dietary management in IMDs varied consid-
erably across all models in terms of accuracy, completeness, and consistency of responses.

Among the investigated models, ChatGPT (Model A) showed the most consistent performance, suggesting
greater robustness than other systems assessed, whereas Claude (Model D) accounted for the most severe in-
accuracies. Copilot (Model B), Gemini (Model C), and Claude (Model D) achieved acceptable median scores but
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showed relevant variability, especially across repeated or more complex clinical queries. The models generally
demonstrated a consistent ability to handle basic nutritional information. Across clinical domains, “dietary
supplements” received higher and more stable scores, but also the most severe inaccuracies. “Nutrient re-
quirements and restrictions”, “diet planning” ” and “clinical considerations and monitoring” showed moderate
performance, lower consistency and greater variability. This suggests that domains requiring more nuanced or
guideline-dependent reasoning remain challenging for these models. The uneven distribution of severe errors
also indicates that summary measures alone may mask high-risk outliers, and the broader distribution in the
interquartile ranges, particularly in decision-sensitive clinical scenarios, highlights the inherent ambiguity and
higher risk of inconsistent or incomplete advice. Response consistency analyses further showed inconsistency
across prompt repetitions, indicating limited stability of free-tier models in generating clinical recommen-
dations. Finally, the poor inter-rater agreement among expert evaluators reflects the inherent ambiguity of
Al-generated clinical text and the difficulty of its consistent interpretation in specialized clinical contexts.

The results of this study show that safety guardrails play a central role in shaping both the complete-
ness and the scientific accuracy of LLM outputs in clinical contexts. The strong parallelism observed
between these two metrics suggests that when safety mechanisms are activated, they consistently limit
not only the presence of clinical content but also its depth and correctness. Safety mechanism activation
was not uniform across models, with Model B and Model C accounting for all observed interventions,
while no activations were recorded for Model A and Model D. This highlights substantial heterogeneity
in how different LLMs implement safety constraints in response to similar clinical queries. The nature of
the safety intervention differed across models, ranging from complete response blocks to partial out-
puts or brief pathology-only explanations. In particular, Model B predominantly produced full blocks,
whereas Model C more frequently generated partial responses, suggesting different operationalizations
of content restriction. These patterns were also reflected in the variability observed across clinical do-
mains, where more sensitive or high-risk topics elicited stronger safety responses. Taken together, these
findings indicate that safety guardrails are not merely binary filters but rather structured mechanisms
that significantly influence both the availability and the form of clinical information provided by LLMs.
The variability observed across LLMs, geographic locations, and testing periods may also be partially
influenced by platform-level safety and control mechanisms, rather than by intrinsic model differences
alone. Potential contributing factors include iterative system updates, regional policy differences, and
variations in medical safety filtering configurations across platforms?®.

Evidence from nutrition and clinical settings supports both the potential and the limitations of dis-
ease-specific LLM applications. In diabetes care, ChatGPT has generally shown acceptable performance
when addressing common patient questions*?°; however, occasional inaccuracies and excessive or
mixed-quality information raise concerns about response reliability?>?. In type 2 diabetes and metabolic
syndrome, ChatGPT outputs were often clear and coherent but showed gaps in key components, includ-
ing weight-loss strategies, energy-deficit recommendations, nutrient-specific guidance, and monitoring?.
Although LLMs can generate plausible nutritional advice, they may deviate from established clinical guide-
lines or dietitian-designed references, particularly in more complex and multi-step interventions?.

In chronic kidney disease (CKD), ChatGPT and other models achieved moderate-to-high accuracy in struc-
tured tasks such as identifying potassium and phosphorus content in foods; however, performance appears
to depend on task complexity and is less reliable when generating personalized, stage-specific dietary recom-
mendations, which require the integration of guidelines and patient-specific factors?*?. In addition, guide-
line-based evaluations of CKD dietary scenarios showed inconsistent energy, macro- and micronutrient tar-
gets, marked inter-model variability and no full compliance with established nutritional recommendations?.
Expert assessments further confirm discrepancies in perceived accuracy, comprehensiveness, and clinical
applicability across models, with performance depending on task formulation and model type?.

In celiac disease, LLMs showed generally high accuracy and clarity; however, the non-negligible rates
of misinformation (ranging from approximately 13% to 24%) have raised concerns about unsupervised
patient use?’. Mean quality scores of LLMs’ responses may be high, around 4.3/5, yet variability persists
across models and question types, especially for diagnostic content?®,

In IMDs such as methylmalonic acidemia (MMA), where treatment requires precise, individualized,
and tightly controlled dietary interventions, ChatGPT displayed low appropriateness, with many dietary
recommendations judged as inadequate?®.

In general nutrition advice, ChatGPT was described as an effective tool' and as providing answers
similar to or even superior to those of dietitians, in terms of scientific correctness, practical applicability,
and clarity®. However, limitations emerge with complex individualized nutritional care and in domains
characterized by scientific uncertainty and heterogeneous evidence, such as dietary supplements. In-
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deed, accuracy remains considerably lower than that observed in structured nutrition tasks, and vulner-
ability to misinformation increases along with inconsistent or controversial evidence®°.

Compared with more prevalent chronic conditions, IMDs involve highly specialized and strictly indi-
vidualized dietary management, characterized by precise quantitative restrictions and disorder-specific
metabolic requirements. This level of complexity may challenge LLMs, as it demands highly detailed,
condition-specific metabolic knowledge that is less frequently encountered in general clinical nutrition
literature, potentially limiting the consistency and completeness of generated recommendations.

Overall, LLM performance appears stronger in low-complexity informational tasks and progressively
less reliable with increasing clinical specificity and personalization. This pattern may reflect the proba-
bilistic architecture of LLMs, which generate outputs through statistical inference over learned repre-
sentations rather than explicit rule-based reasoning®. Because knowledge is distributed across high-di-
mensional semantic spaces, model performance depends on the density and coherence of the activated
semantic region and on the constraints provided by the prompt3233, General queries usually align with
well-represented semantic regions, whereas highly specialized clinical inputs may activate sparse or
overlapping domains, increasing the risk of semantic drift and hallucinations®*3. Transparent reporting
of model conditions is methodologically essential, as generation settings can introduce variability in
model outputs, potentially affecting response consistency and comparability across runs. Thus, identical
inputs may yield different responses across runs, especially in complex clinical scenarios where prompt
ambiguity interacts with probabilistic decoding?®®.

In real-world settings, the LLM response variability may be further amplified by underspecified or incon-
sistently formulated user queries. Additionally, professional output interpretation may differ, with clinicians
prioritizing medical plausibility and dietitians emphasizing nutritional accuracy and practical applicability.

Collectively, these findings highlight the limited reliability of current LLMs for clinical use, with pa-
tient safety remaining critical, especially when inaccurate recommendations may have direct clinical
consequences. While LLMs may offer advantages in accessibility, scalability, and patient engagement,
they should be considered as assistive tools for clinical nutrition, operating under human oversight rath-
er than autonomous decision-making systems®. A cautious and structured integration of LLMs into
clinical nutrition, primarily for information access and educational support, rather than as standalone
systems for dietary decision-making, is therefore desirable.

The development of domain-specific, retrieval-enhanced systems grounded in validated clinical da-
tabases represents a necessary step toward safer deployment in medical contexts®. Although gener-
ative Al systems are rapidly expanding in personalized dietary applications, most current implementa-
tions remain largely preference-driven rather than biologically grounded**. Clinically reliable Al-driven
nutrition will require improved model architectures, standardized reporting frameworks, and stronger
integration of biological data sources. General LLMs, which are not systematically trained on structured
food-nutrition mappings or ontology-aligned datasets, have shown reduced performance in nutrient es-
timation, food classification, and semantic entity linking, whereas domain-specific models fine-tuned on
large-scale, task-aligned datasets achieved higher accuracy and semantic consistency across nutritional
profiling and structured classification tasks*. This could be achieved through supervised fine-tuning on
curated clinical nutrition datasets, integration of structured food composition databases, and alignment
with biomedical ontologies to improve consistency in nutrient representation and clinical reasoning.

This study has several limitations that should be acknowledged. First, the number of evaluators
was limited, as this was a preliminary exploratory study designed to assess feasibility and generate
initial insights rather than to provide definitive conclusions. The large number of evaluated responses
also imposed a substantial cognitive and time burden, which may have contributed to inter-evalu-
ator variability. Second, the study employed a predominantly descriptive and qualitative analytical
approach, which, while appropriate for exploratory purposes, does not allow for formal inferential
comparisons. Third, only four LLMs were included, which limits the generalizability of the findings
across the rapidly evolving landscape of Al systems. In addition, given the fast pace of development
in this field, model performance and configurations may change over time, meaning that results may
not fully reflect future or updated versions of the same systems. Finally, all LLMs were accessed via
free-tier interfaces with quotas, rate limits, and restricted availability, representing a further limita-
tion. Exact model versions, configurations, and routing procedures were often undisclosed, limiting
response consistency and direct comparison across platforms. Inter-evaluator variability may also
have been influenced by heterogeneous response formats, including partial or safety-filtered out-
puts, and by varying levels of evaluator familiarity with specific clinical domains, which could have led
to differences in scoring interpretation across conditions.
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Future research should also define the levels of dietary education and counseling that can be safely sup-
ported by LLMs in IMDs. Transversal educational content may be more amenable to Al assistance, whereas
counseling involving treatment complexity, metabolic control, clinical monitoring, or patient-specific dietary
adaptation should remain highly personalized and supervised by specialized professionals.

CONCLUSIONS

Free-tier LLMs can generate clinically plausible responses in metabolic dietetics but remain insufficient-
ly accurate, complete, and consistent for autonomous use in IMD dietary management. Their perfor-
mance appears acceptable for general information retrieval and potentially for standardized education-
al support; however, it declines in domains requiring individualized interpretation, guideline integration,
monitoring, and risk-sensitive decision-making. LLMs should therefore be considered assistive tools and
used only under specialist supervision, as current models are not yet suitable for autonomous clinical
use and can be dangerous to use without a healthcare professional’s oversight. Future work should de-
fine which levels of dietary education and counseling may be safely delegated to Al and should prioritize
domain-specific, retrieval-enhanced systems grounded in validated metabolic nutrition resources.
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ABSTRACT - Expanded newborn screening (ENBS) has substantially improved the early identification of inhe-
rited metabolic diseases, enabling timely interventions that have transformed the prognosis of many affected
infants. However, the effectiveness of ENBS relies on a complex multidisciplinary pathway extending well
beyond laboratory analysis, involving healthcare professionals with diverse roles as well as families who must
understand, interpret, and respond to screening information. At every stage of this process, cognitive biases
and heuristics may influence perception, judgment, communication, and decision-making, potentially affecting
diagnostic accuracy, follow-up, and family experience. This narrative case-based work examines the role of co-
gnitive biases throughout the ENBS pathway, from parental information provided during pregnancy and dried
blood spot collection to laboratory interpretation, communication of positive or uncertain results, confirmatory
testing, dietary management, and long-term clinical follow-up. Particular attention is devoted to the different
professionals involved — including nurses, midwives, laboratory scientists, metabolic physicians and dietitians —
as well as to the cognitive processes that may shape parental understanding, information seeking, and healthca-
re decisions after positive screening results. The work also discusses practical examples of common cognitive
biases encountered in ENBS and explores evidence-based strategies to mitigate their impact, including reflective
practice, standardized communication, multidisciplinary collaboration, and cognitive debiasing interventions.
Recognizing the influence of cognitive biases represents an important opportunity to strengthen diagnostic
reasoning, improve communication with families, reduce avoidable errors, and promote more equitable and
patient-centered newborn screening programs.

KEYWORDS: Cognitive bias, ENBS, Medical decision making, Families, Metabolist, Dietitian, Nurse.

INTRODUCTION
Expanded Newborn Screening (ENBS) is a comprehensive, integrated, and multidisciplinary second-
ary prevention program aimed at the population-wide early detection of rare congenital disorders,

including metabolic and genetic conditions, in newborns. By integrating screening, confirmatory
diagnosis, timely therapeutic intervention, and long-term follow-up, ENBS seeks to improve clinical
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outcomes and reduce disease-related morbidity and mortality?. ENBS involves a complex mul-
tistep process requiring the coordinated efforts of numerous healthcare professionals, including
pediatricians, nurses, psychologists, dietitians, and laboratory specialists, as well as multiple in-
teractions with families throughout the screening pathway. These interactions occur during the
provision of information about ENBS, blood spot sample collection, recall procedures, confirmatory
testing, and subsequent clinical follow-up. Each stage of the screening process involves decisions
and judgments by both healthcare professionals and families, which may be influenced by cognitive
biases and heuristics.

Cognitive biases are systematic and predictable deviations from rational judgment arising from heu-
ristic information processing®*. Widely studied across psychology and medicine, these biases are known
to affect diagnostic reasoning, risk assessment, and clinical communication®.

In healthcare, these biases can significantly influence clinical reasoning, with potential significant
consequences on diagnostic accuracy, patient communication, and healthcare outcomes.

When discussing this pedagogical theory, one cannot fail to mention Daniel Kahneman and, in
particular, his seminal 2011 work ‘Thinking, Fast and Slow’®. According to Dual-Process Theory, clinical
reasoning relies on two interacting systems: a fast, intuitive, heuristic-based system (System 1) and a
slower, analytic, effortful system (System 2)”2. While System 1 enables efficient pattern recognition, it
is also particularly vulnerable to cognitive biases, especially under conditions of uncertainty and time
pressure.

Applying the Dual-Process Theory to the medical context, some authors® have argued that System 1
is more likely involved in generating multiple diagnostic hypotheses and pattern recognition of clustered
symptoms; conversely, System 2 plays a central role in the systematic search for additional information
from a history and physical or lab exams.

More than 100 biases have been identified and described in the literature, but only some are spe-
cifically related to the medical field. The majority pertain to patients’ or clinicians’ therapeutic choices,
whereas only a few focus on diagnostic reasoning®.

In healthcare, evidence indicates that cognitive biases are a major contributor to diagnostic fail-
ures; they can distort diagnosis, risk assessment, and communication, leading to mismanagement or de-
layst¥*2 and cause patient harm in healthcare facilities'**. Cognitive biases seem to be implicated in over
50% of diagnostic errors in ambulatory care'® and up to 83% of physician-reported cases, with failures
of judgment (rather than lack of knowledge) being the primary cause in most malpractice claims related
to misdiagnosis'®!®. Healthcare professionals often underestimate how much such mental shortcuts
shape their decisions, which helps explain the persistence of cognitive-process failures despite growing
medical expertise and technology.

To date, however, no studies have systematically explored how, when, and for whom cognitive biases
may affect the Expanded Newborn Screening (ENBS) pathway.

Awareness of cognitive biases is critical in the context of ENBS for metabolic and genetic disorders
because true positives and false positives often cause parental anxiety'®?!, while false negatives can
delay treatment; furthermore, cognitive biases can influence each actor’s decisions.

Previous studies have examined cognitive biases in several clinical contexts, including the emergen-
cy department!”?, intensive care unit?®, oncology?, internal medicine?, chronic diseases?®, vaccination
hesitancy?, laboratory results interpretation?, and child physical abuse?®.

The ENBS represents a particularly compelling setting in which to examine these mechanisms. It
combines a highly standardized diagnostic workflow with emotionally salient decision points while
engaging multiple stakeholders — including pediatricians, laboratory biochemists, metabolic spe-
cialists, nurses, and families — who collectively contribute to a process of distributed cognition3%3,
This complex sociotechnical environment creates multiple opportunities for cognitive biases to
influence clinical reasoning, communication, and decision-making across the screening pathway,
from the interpretation of biochemical results to confirmatory testing, diagnostic disclosure, and
long-term follow-up.

This study employs a narrative, case-based qualitative design to map the primary cognitive biases
that may affect decision-making and communication across the ENBS pathway. The objective was not
to estimate prevalence or causal effects, but to develop a clinically grounded conceptual framework
that illustrates how cognitive biases operate in real-world ENBS scenarios and how their impact may be
mitigated.
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METHODS

Cognitive biases were identified through a narrative review of the psychological and medical literature
on heuristics and biases in clinical decision-making. Biases were selected based on three criteria: (a)
relevance to healthcare contexts, (b) plausibility of occurrence within ENBS workflows, and (c) potential
impact on diagnostic reasoning, communication with families, or clinical management. The final set of
biases reflects those most frequently discussed in the literature and most applicable to ENBS, as identi-
fied by the authors’ multidisciplinary team.

For each cognitive bias, one vignette was developed to illustrate realistic scenarios occurring at dif-
ferent stages of the ENBS pathway and involving different stakeholders (metabolic specialists, nurses,
laboratory scientists, dietitians, and families). Vignettes were constructed by the authors based on their
clinical and research experience in neonatal screening, metabolic medicine, and health psychology. All
cases are fictional but are intended to reflect common or plausible clinical situations.

All clinical vignettes were independently reviewed by a multidisciplinary panel of expert clinicians, in-
cluding metabolic specialists, dietitians, nurses, laboratory scientists, and clinical psychologists. Experts
assessed each vignette for clinical plausibility, internal coherence, and relevance to real ENBS practice.
Revisions were made iteratively until consensus was reached regarding the accuracy and educational
value of each scenario.

The analytic process consisted of mapping each vignette to specific cognitive biases and examining
their potential impact on clinical reasoning, communication, and workflow. The analysis was conducted
collaboratively by the authors and resulted in stakeholder-specific thematic groupings presented in the
following sections.

In Table 1, we list the selected cognitive biases that may affect the ENBS process, and in the following
sections, we present stakeholder-specific scenarios — metabolic specialists, nurses, clinical biochemists,
dietitians, and families — in which these biases and reasoning errors are illustrated and their potential
impacts analyzed.

Table 1. Cognitive biases and heuristics involved in the ENBS process.

Representativeness
heuristic

Framing effect bias

A mental shortcut whereby the likelihood of an event is judged by how closely
it resembles the typical features of its parent category or prototype.

The way information is framed affects how individuals (clinicians and parents alike)
receive and process it.

It is the tendency to accord greater emotional and cognitive weight to negative
events than to neutral or positive events of equal intensity.

The tendency to rely too heavily on an initial reference point
(whether numeric or contextual) when making subsequent judgments
or decisions, even if that anchor is irrelevant.

The tendency to judge the probability or importance of an event by how readily
examples of it come to mind, often leading to over-weighting recent, frequent,
or emotionally salient instances.

The tendency to adopt certain beliefs, behaviors, or styles because many others
are doing so.

The tendency to seek out, interpret, and remember information in a way
that confirms one’s pre-existing beliefs or expectations, while overlooking or
downplaying contradictory evidence.

Negativity bias

Anchoring bias

Availability heuristic

Bandwagon effect

Confirmation bias

Overconfidence
effect

The tendency to display confidence in your own judgements that exceeds the
actual accuracy of those judgements, manifesting as overestimation of performance,
overplacement relative to others, or unwarranted precision in one’s beliefs.

Attribution bias
(fundamental
attribution error)

The tendency to explain others’ behaviour or outcomes chiefly in terms of their
dispositions or intentions, while underestimating situational or contextual factors.

Continued
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Table 1 (continued). Cognitive biases and heuristics involved in the ENBS process.

Routine bias The tendency to follow familiar routines automatically, even when changing
(automation) circumstances call for a different approach. This is not a classic bias but reflects
the neglect of vigilance after many similar tasks.
Hindsight bias The tendency, after an event has occurred, to overestimate the extent to which

the outcome could have been foreseen. It is colloquially known as the “I knew
it all along phenomenon.”

Premature closure

The tendency to stop considering alternative diagnoses once an initial plausible
explanation is reached, leading to incomplete evaluation and potential diagnostic errors.

Outcome bias

The tendency to judge the quality of a decision by its eventual outcome rather than
by the information and reasoning available when it was made.

Status quo bias

Preference for maintaining existing practices, even when new information suggests
change is warranted.

Certainty effect
(zero-risk bias)

The tendency to prefer options that completely eliminate a specific risk,
overweighting outcomes that are certain relative to those that are merely
probable, even when the probabilistic option would produce a greater overall
reduction in expected harm.

Curse of
knowledge bias

Tendency to assume that others have the same level of expertise or know-how
as we do. We forget what it was like to be new to something and how difficult it
was to learn.

Dunning-Kruger

The tendency of clinicians with insufficient knowledge or experience to

effect overestimate their diagnostic competence, leading to excessive confidence

in incorrect clinical judgments

METABOLIC SPECIALISTS

Metabolic specialists are physicians — typically pediatricians with specialized training in inherited met-
abolic diseases and metabolic genetics — who receive and interpret abnormal ENBS results. They are
responsible for the timely clinical assessment of the newborn, the initiation and interpretation of con-
firmatory investigations, coordination of the diagnostic and therapeutic pathway within a preventive
medicine framework, and the clear communication of diagnostic findings and management plans to
both the multidisciplinary clinical team and the infant’s family. As the primary communicators of true
positives, false positives, or variants of uncertain significance (VUS), metabolic specialists guide families
through each subsequent step. These tasks demand the management and interpretation of complex
biochemical data, occasionally nonspecific clinical signs, and evolving prognoses, all of which contribute
to a high cognitive load. Consequently, metabolic specialists must remain vigilant to a range of cogni-
tive biases, including anchoring bias, confirmation bias, framing effect, availability bias, overconfidence,
and attribution bias (see Supplementary Table 1 for clinical examples), especially when communicating
uncertain results to parents.

Clinical reasoning may also be compromised by implicit gender-related biases®?33, Recently, Lenzini et
al** described a woman’s perspective on inherited metabolic diseases, suggesting that some disparities
in approach may be related to clinicians’ or patients’ gender, including symptom interpretation, diag-
nostic process, and the prioritization of further testing. Some of these differences can be explained by
cognitive biases, specifically stereotyping, attribution, and anchoring biases.

Owing to stereotyping bias, clinicians may implicitly associate particular symptoms with a given gen-
der, leading to under- or over-investigation. For example, an adolescent girl with a urea cycle disorder
with subtle neurocognitive or somatic symptoms might have those signs hastily attributed to anxiety
or an eating disorder, delaying appropriate metabolic investigations and timely treatment. By contrast,
owing to attribution bias, the same clinical picture may be explained differently depending on the pa-
tient’s sex: symptoms in males are more readily ascribed to biological causes, while similar symptoms in
females are more likely to be viewed as psychosocial or emotional. For example, mild neurological signs
in a male child may prompt immediate neurological testing, whereas similar signs in a female child may
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first prompt assessment of family dynamics or emotional health, thereby delaying metabolic work-up.
Owing to anchoring bias, initial gendered assumptions can lock clinicians’ thinking in place and make
them less responsive to new or contradictory evidence. For example, developmental delays in girls may
be normalized or dismissed for longer, whereas similar concerns in boys might prompt earlier investiga-
tion, a pattern that delays diagnosis and intervention for affected girls.

NURSES AND MIDWIVES

Nurses and midwives play a pivotal role in ENBS by collecting newborn dried blood spot samples and
often serving as the first point of contact for parents, whether to explain the screening procedure or to
communicate the need for repeat sampling or preliminary positive results. Although empirical evidence
specifically addressing cognitive biases among nurses and midwives in the ENBS setting remains limit-
ed, a recent scoping review?® of nursing decision-making found that nurses are susceptible to cognitive
biases, particularly confirmation and anchoring biases, similarly to physicians. In addition, the highly
standardized and repetitive nature of newborn screening may increase susceptibility to complacency
bias, while several other cognitive biases may also influence clinical judgment and communication in this
professional group (Supplementary Table 2).

BIOCHEMISTS, GENETICISTS (LABORATORY SPECIALISTS)

Clinical biochemists, geneticists, and laboratory scientists perform the biochemical and molecular anal-
yses underpinning ENBS and conduct confirmatory investigations when required. Their responsibilities
include selecting appropriate confirmatory tests and interpreting borderline biochemical findings or ge-
netic variants, both of which are essential for establishing an accurate diagnosis and guiding subsequent
clinical management. As with other professionals involved in the screening pathway, these judgments
are susceptible to cognitive biases (Supplementary Table 3), which may influence test selection, data
interpretation, and the reporting of laboratory findings.

DIETITIANS

Within ENBS, dietitians play a pivotal role in translating biochemical and clinical findings into individ-
ualized dietary management plans, particularly for disorders such as phenylketonuria (PKU). Howev-
er, clinical decision-making in this setting often occurs under conditions of diagnostic uncertainty and
emotional pressure from families, making dietitians susceptible to cognitive biases that may influence
nutritional assessment, treatment recommendations, and patient counseling®®. Several cognitive biases
relevant to dietetic practice in ENBS are summarized in Supplementary Table 4.

FAMILIES RECEIVING POSITIVE OR FALSE-POSITIVE ENBS RESULTS

Parents and family members are central stakeholders in the ENBS pathway, and the service should be
grounded in their informational and emotional needs. On receiving a positive or borderline screening
result, families undergo rapid emotional and cognitive processing; even when a result later proves to
be a false positive, the experience can remain intensely distressing?>?%’, In such high-stress, uncertain
moments, fast, intuitive System 1 thinking tends to dominate, making parents particularly vulnerable to
heuristics and biases (Supplementary Table 5). These processes influence how families seek, interpret,
respond to, and later remember information, so recognizing them is essential for clinicians and other
health professionals who must tailor clear, empathetic communication and decision-support.

A related and frequently overlooked consequence is the psychosocial and logistical burden of caring
for a child with an inherited metabolic disorder, which often falls disproportionately on mothers33°,
Clinicians’ assumptions about caregiving roles can implicitly reinforce this imbalance and obscure the
needs of other family members. For example, owing to gender-role expectations bias, healthcare pro-
fessionals may default to addressing mothers more directly, providing instructions and follow-up rec-
ommendations primarily to them, even when fathers or other caregivers are actively involved. Similarly,
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affective bias can lead clinicians to offer more emotional support to mothers, thereby under-recognizing
paternal stress or involvement. Fathers who show signs of emotional fatigue may be less likely to be of-
fered psychological support and may feel less authorized to voice their difficulties. Finally, confirmation
bias may lead clinicians to interpret maternal fatigue in a way that confirms their expectation that such
symptoms are a normal consequence of caregiving, rather than considering the possibility of significant
psychological distress or caregiver burden. As a result, reports of persistent sleep deprivation may be
acknowledged without further assessment or referral for supportive services.

MITIGATION STRATEGIES: TRAINING AND EDUCATIONAL INTERVENTIONS

ENBS is a clinical context in which integrated collaboration among professionals can help develop a
broader perspective on decision-making processes, thereby correcting most cognitive biases. Although
evidence regarding the effectiveness is limited, instruction in metacognition, reflective practice, cogni-
tive bias awareness, and interdisciplinary collaboration has been proven to improve diagnostic accuracy
and emotional support for families in healthcare settings!?'44%41_ At the individual level, teaching health-
care staff to slow down, reflect, and use decision aids or checklists can reduce the impact of bias*.
Cognitive bias awareness is the first step to mitigating them*. Education and training programs can help
clinicians (and families) become aware of common heuristics and adopt strategies to counteract them.
For clinicians, curricula increasingly include modules on clinical reasoning and cognitive bias. A recent
scoping review found that targeted training can improve healthcare providers’ recognition of biases®.
Existing training focuses on increasing awareness and self-reflection about explicit and implicit biases
and their harmful effects on patient care**, as well as on acquiring strategies to manage biases in re-
al-time, promoting perspective-taking to understand patients’ unique viewpoints and challenges and to
regulate emotions that can contribute to biased decisions'?.

Training should be tailored to the clinician’s level of experience. For junior or less experienced clinicians,
educational interventions should emphasize structured decision-making frameworks to reduce inappro-
priate deference to authority and promote confident, evidence-based decision-making. For senior clini-
cians, training should focus on peer case review, reflective practice, and deliberate reconsideration of di-
agnostic conclusions despite extensive experience, while reinforcing the consistent use of evidence-based
tools and clinical algorithms even when intuitive judgment suggests an alternative course of action.

Educational interventions for healthcare professionals should be designed to fit the demands of busy
clinical practice. Short, case-based workshops on common heuristics and cognitive biases, complement-
ed by microlearning modules, can increase awareness while providing practical strategies to recognize
and mitigate cognitive traps. Simulation-based training, particularly for communicating uncertain or dis-
tressing results and managing challenging specimen collection scenarios (e.g., dehydrated or very small
neonates), allows practitioners to develop calibrated responses in realistic clinical settings. In addition,
confidence-calibration exercises — where clinicians record their diagnostic confidence and subsequently
compare it with actual outcomes — can improve metacognitive awareness, reduce overconfidence, and
enhance clinical judgment over time.

Mitigating cognitive errors across the ENBS pathway requires a deliberate shift from ad hoc, intu-
ition-led practice to predictable, data-driven processes. The imperative for system-level solutions was
set out in the seminal patient-safety reports and has been reinforced by work on diagnostic error: mov-
ing from individual heroics to reliable systems reduces avoidable harm*>%¢, At a service level, this means
designing workflows so that routine judgments are supported by objective rules and decision aids rather
than left to memory or momentary impressions. Simple, standardized procedures that set out the steps
from initial screen to confirmatory testing and, where appropriate, treatment, make practice repeatable
and reduce scope for individual judgment to be distorted by recent experiences or emotional states.

Equally important is the principle of “designing for the human factor”: accept that people are fallible
and build prompts, checks, and rapid feedback into everyday tasks. This can be achieved, for example,
through structured reporting templates that require clinicians and laboratory staff to record alternative
explanations, the degree of certainty, and explicit next steps, or through Laboratory Information Man-
agement System/Electronic Health Record prompts that flag equivocal results and require a short jus-
tification before escalation?’. By making the expected steps visible and unavoidable in the record, mul-
tidisciplinary teams reduce the chance that a single striking data point will dominate decision-making.

Furthermore, low-cost usability interventions and “nudges” can sustain behavioral change®. Visual
reminders in collection areas, brief on-screen prompts in the Electronic Health Record, default follow-up
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schedules, and ready-to-use reporting templates reduce cognitive load and make the right action the
easy action®. Implementation should start small: one protocol, one teach-back requirement, one audit
loop, and scale up iteratively, engaging frontline staff in co-design so that measures fit real workflows
rather than adding burdensome tasks.

System changes may include deliberate procedural “pause points” and short checklists that serve as
cognitive forcing functions, encouraging reflective, analytical review before irreversible actions®®-*2. Short
time-outs (introduced before irreversible actions such as admission or major dietary changes) create space
for verification, to check whether other causes have been considered, and to seek a second opinion when
appropriate. These pause points work best when coupled with mandatory quality checks at critical junctures
(for example, an objective checklist for blood-spot adequacy at collection and a pre-sign-off review in the
laboratory). In practice, a brief, structured pause codified into the pathway will interrupt premature closure
and anchoring and prompt a short multidisciplinary check for borderline or high-consequence findings.

Communicating with families should be regarded and delivered as a clinical intervention: how in-
formation is transmitted directly affects parental understanding, emotional response, and subsequent
health actions, not merely the “soft” side of care!®%33,

When clinicians communicate unexpected or provisional results to families, they should begin with
an empathetic acknowledgment of the family’s likely distress, then provide balanced context and a
clear, time-bound plan of next steps (what will be tested, when, and who will contact them). Protocols
for delivering difficult news, such as the SPIKES framework, support opening with empathy and follow-
ing a structured sequence to reduce harm and improve comprehension®*.

The way in which screening results are framed has an important influence on parental understanding
and decision-making. Clinicians should avoid isolated or alarmist wording and instead emphasize the
provisional nature of the findings while clearly explaining the subsequent diagnostic pathway. Risk com-
munication should rely on simple absolute risks or natural frequencies, supported where appropriate
by visual aids, as these formats improve comprehension and reduce misinterpretation compared with
vague or relative expressions®>.

Because patients and families commonly forget much of what they are told in a single consultation,
providing a one-page written or visual summary that recapitulates the result, the planned next steps,
and a named contact improves retention and allows families to review information when they are less
emotionally aroused. Empirical work documents poor recall of medical information and supports the
routine use of written takeaways to reinforce verbal explanations®®. Services should provide multimod-
al, clinician-vetted information such as brief leaflets, icon arrays, translated materials, and short videos.

Finally, the teach-back method — in which caregivers are asked to explain or demonstrate the care
plan in their own words —is an evidence-based communication strategy recommended by major health-
care organizations and supported by systematic reviews®’ demonstrating improvements in patient com-
prehension, adherence, and safety. Documenting the use of teach-back can also help verify that infor-
mation has been accurately understood rather than merely acknowledged®’.

More broadly, adopting a family-centered approach can help reduce the likelihood that parents’
understandable anxiety will contribute to unnecessary or disproportionate interventions®®. For families
experiencing high levels of distress, timely psychosocial support from a clinical psychologist or other
qualified mental health professional may provide additional benefit by facilitating coping, improving
communication, and supporting informed decision-making.

The goal is not to eliminate heuristics (necessary and efficient tools for navigating a complex and
overloading environment), but to normalize the idea that healthcare staff, like other individuals, are cog-
nitively biased and to promote a culture of cognitive transparency. By combining awareness, education,
structured checks, teamwork, and effective communication strategies, healthcare staff and families can
reduce reasoning and decision-making errors and emotional distress during the ENBS process.

CONCLUSIONS

Cognitive biases have the potential to influence every stage of Expanded Newborn Screening, from speci-
men collection and laboratory interpretation to clinical decision-making and communication with families.
Although clinical experience and pattern recognition remain indispensable in the diagnosis of rare diseases,
they do not protect clinicians from systematic errors in reasoning. On the contrary, experience may rein-
force predictable cognitive vulnerabilities — including anchoring, availability, and confirmation bias —that can
contribute to over- or under-investigation, unnecessary interventions, avoidable parental distress, and inef-
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ficient use of healthcare resources. Reducing the impact of cognitive bias requires a multifaceted approach
that combines evidence-based communication, structured clinical workflows, and targeted educational in-
terventions. Balanced communication of provisional screening results, teach-back techniques, standardized
decision-support tools, diagnostic pause points, second-opinion review of high-impact or borderline cases,
and regular audit with feedback represent complementary strategies that strengthen clinical reasoning while
reducing reliance on intuition alone. Educational initiatives — including case-based learning, simulation, mi-
crolearning, and confidence-calibration exercises — can further promote metacognitive awareness and re-
flective practice. To maximize effectiveness, these interventions should be pragmatic, integrated into routine
clinical workflows, and co-designed with frontline healthcare professionals. This work is based on fictional
but expert-validated clinical vignettes and therefore provides a conceptual and educational framework rath-
er than empirical evidence. Future research should evaluate the effectiveness of these mitigation strategies
within real ENBS programs, investigate how families understand and respond to risk communication, and
determine whether behavioral interventions — such as framing, salience, or priming — can improve compre-
hension, reduce distress, and support shared decision-making®°. Ultimately, recognizing cognitive bias as an
inherent feature of human decision-making rather than an individual failing is fundamental to improving the
quality and safety of Expanded Newborn Screening. By integrating behavioral science with clinical expertise,
ENBS programs can strengthen diagnostic accuracy, improve the family experience, and enhance the effec-
tiveness and reliability of early detection of inherited metabolic disorders.

Expanded newborn screening has transformed the early detection of inherited metabolic diseases;
reducing cognitive bias represents the next step toward improving the quality, consistency, and safety
of this complex diagnostic pathway.
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