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ABSTRACT @ open AccEss

Background: During the 1990s, the diagnosis of pediatric hereditary diseases in Latin America faced severe
infrastructural limitations and lacked tools adapted to the region’s admixed genetic background. This
retrospective review documents the pioneering transition from cumbersome legacy diagnostic techniques
to the regional implementation of the polymerase chain reaction.

Methods: We analyzed records of our institutional pioneering peer-reviewed publications from 1992 to 2000
regarding the clinical application of molecular diagnostics in Latin America. The review focused on the
technological adaptation and population genetics findings in four emblematic conditions: cystic fibrosis,
hemophilia A, muscular dystrophies, and human growth hormone deficiencies.

Results: The transition to the polymerase chain reaction and associated methodologies enabled rapid,
non-radioactive clinical testing in resource-constrained settings. In cystic fibrosis, multicentric analysis using
a 16-mutation panel revealed a diagnostic efficacy of only 47.9%, quantifying the profound allelic heterogeneity
caused by Latin American trihybrid admixture and demonstrating the clinical limitations of Caucasian-centric
panels. For hemophilia A, indirect linkage via restriction fragment length polymorphisms successfully
circumvented sequencing barriers to facilitate carrier detection. In muscular dystrophies, multiplex amplification
of the dystrophin gene reduced diagnostic turnaround times to merely five hours. Furthermore, evaluating
multigene deletions in the AGH locus enabled the creation of early companion diagnostics and elucidated
the genetic basis of complex perinatal phenotypes.

Conclusion: The implementation of targeted molecular diagnostics in the 1990s overcame critical infrastructure
barriers and provided the first regional evidence of the necessity for population-specific genetic screening.
These efforts successfully translated advanced molecular biology into routine hospital practice, laying the
foundational framework for precision pediatric medicine in Latin America.

Keywords: molecular diagnosis, hereditary diseases, childhood, PCR, cystic fibrosis, hemophilia A, growth
hormone, Latin America.
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Introduction

Before the 1990s, the practice of medical genetics in Latin America faced profound epidemiological and
methodological challenges. The region harbored a substantial burden of Mendelian hereditary diseases,
further complicated by an extensive history of genetic admixture between Native American, European, and
African populations, which resulted in highly heterogeneous genetic backgrounds and unique mutational
profiles*?. Despite this complex genetic landscape, clinical diagnosis was almost exclusively restricted to
phenotypic evaluation, basic biochemical assays, or pedigree analysis. Although genetic research centers had
begun to form across Latin America during the mid-twentieth century, the accurate molecular characterization
of patients was severely hindered by a lack of access to specialized infrastructure!=.

The advent of early molecular biology tools promised a paradigm shift in the diagnosis of congenital conditions;
however, their implementation in developing nations encountered formidable technological and economic
barriers. Techniques such as Southern blot—the gold standard in the Global North at the time—required handling
radioactive isotopes, maintaining rigorous safety facilities, and relying on expensive, imported reagents. These
requirements made molecular diagnostics virtually inaccessible for routine pediatric care in Latin America,
perpetuating a significant gap in the provision of equitable healthcare and timely genetic counseling*. The
introduction of the Polymerase Chain Reaction (PCR) offered a potential solution, yet its successful deployment
required profound methodological adaptation to suit both the economic realities and the specific genetic
architecture of local populations?®.

The purpose of this retrospective review is to document the pioneering implementation, optimization, and
regional adaptation of PCR-based molecular diagnostics in Latin America between 1992 and 2000. Originating
from the foundational efforts established following the 1987 UNESCO Latin American Workshop on the
Human Genome Project, this study details the technological transition from cumbersome legacy techniques to
rapid, efficient PCR protocols. By examining the application of these methodologies in emblematic pediatric
conditions, including cystic fibrosis, hemophilia A, Duchenne/Becker muscular dystrophies, and growth hormone
deficiency (GHD), we demonstrate how regional laboratories overcame systemic barriers to establish the
foundations of precision pediatric medicine and molecular epidemiology in admixed populations.

Review Methodology

STUDY DESIGN AND SEARCH STRATEGY

A retrospective and integrative narrative review of the laboratory’s scientific achievements in molecular genetics
generated between 1992 and 2000 was conducted. To construct this historical review, we systematically
retrieved institutional archives and peer-reviewed articles published by our department. The study focused
on the clinical validation and diagnostic utility of molecular biology tools applied to high-impact monogenic
diseases in pediatric public health across Mexico and Latin America. This approach enabled comparative
analyses of genetic variability within the region's admixed populations (Figure 1).
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Figure 1. Evolution of molecular diagnostic strategies (1992-1998).

A. Cystic Fibrosis (1992): Foundation of molecular diagnosis in Mexico via AF508 detection in the CFTR gene (98 vs 95 bp).
B. Hemophilia A (1993-1996): Technological shift from radioactive Southern blot (1.2/0.9 kb) to more convenient PCR-
RFLP analysis of the Bcl | polymorphic site. C. Duchenne/Becker Muscular Dystrophy (1994): Multiplex PCR (5-plex) analysis
of the dystrophin gene. The gel demonstrates the detection of specific intragenic deletions, such as missing bands for exons
50-52 (lane RC) and exon 13 (lane DZ), compared to a normal control (lane N). D. Prenatal cystic fibrosis (1997): Heterozygotic
band pattern as a diagnostic marker. E. hGH locus (1997-1998): Advanced multigene analysis using consensus primers
and differentiating restriction enzymes (Acc |, Dra |, Bst Ell, and Pvu Il) to identify gene deletions in the pentagenic locus.

Abbreviations: pb, pairs of bases.
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INCLUSION CRITERIA AND DATA EXTRACTION

Records were included if they detailed the implementation of PCR-based methodologies for specific pediatric
Mendelian disorders (cystic fibrosis, hemophilia A, muscular dystrophies, and GHD) within Latin American
cohorts. For each included study, data were extracted based on the specific pathology, the molecular strategy
employed, demographic characteristics, and the primary diagnostic outcome.

MOLECULAR ANALYSIS STRATEGIES BY PATHOLOGY
The methodological framework was divided into four evolutionary technical axes:

1. Recurrent Mutation Analysis (Cystic Fibrosis): PCR was employed for the specific amplification of
exon 10 of the Cystic Fibrosis Transmembrane Conductance Regulator (CFT7R) gene. Detection of
the three-base pair deletion (AF508) was performed using 10% polyacrylamide gel electrophoresis,
allowing for the discrimination of normal and mutated alleles based on electrophoretic mobility
differences. Complementarily, the analysis was expanded via reverse dot blot hybridization using a
panel for the 16 most frequent CF7TR gene mutations worldwide; this technique utilized biotin-labeled
amplicons and allele-specific oligonucleotide (ASO) probes to determine genotypic composition in
regional samples®.

2. Linkage Analysis and Polymorphisms (Hemophilia A): Due to the high mutational heterogeneity in
the F8gene, indirect markers were used. DNA was extracted from peripheral leukocytes, followed by
PCR amplification and enzymatic digestion with the B¢/l restriction endonuclease to analyze restriction
fragment length polymorphisms (PCR-RFLP). The resulting fragments were analyzed to determine the
segregation of affected X chromosomes within nuclear families”®.

3. Large-Scale Deletion Detection (Muscular Dystrophy): Multiplex PCR methodology (Chamberlain
and Beggs protocols) was implemented®°. Two reaction mixtures were optimized to simultaneously
amplify 14 critical exons—proximal and distal ""hot-spot" regions prone to deletions—of the dystrophin
gene. Products were separated on 3% ethidium bromide-stained agarose gels, where the absence of
a specific band confirmed an intragenic deletion**.

4. Study of Gene Losses in Multigene Complexes (AGH locus): A combination of consensus primers
for end-point PCR and differentiation of gene-specific amplicons with ""diagnostic™ restriction enzymes
was applied to examine the integrity of the pentagenic human growth hormone (HGH) cluster (hGH locus).
The focus was on determining the presence or absence of the hGH-N (or hGH-N) gene, responsible
for pituitary HGH synthesis. Additionally, specific oligonucleotides were designed to differentiate
between the GH-N and GH-V genes, enabling the identification of 6.7, 7.0, and 7.6 kb deletions
associated with isolated deficiencies of the placental hormones also encoded within the /ocus*?*3.

POPULATION AND ETHICAL ASPECTS

The biological samples analyzed in the referred studies were obtained from pediatric patients with clinical
suspicion and their family members, recruited from tertiary care institutions, most notably the "'Dr. José Eleuterio
Gonzalez" University Hospital in Monterrey, Mexico, and collaborating centers in Venezuela and Colombia.
Specifically for the cystic fibrosis analysis, 192 alleles from 96 unrelated patients from the cities of Monterrey,
Bogota, and Maracaibo were included*. All original protocols were conducted with informed consent from the
patients and received approval from the ethics committees of the participating institutions, in compliance
with the Declaration of Helsinki for the protection of research subjects.
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Results

1. CYSTIC FIBROSIS: UNVEILING REGIONAL ALLELIC HETEROGENEITY

Cystic fibrosis represented one of the earliest and most robust models for the implementation of molecular
diagnosis in the region. As an autosomal recessive disease caused by mutations in the CFTR gene, it offered
a suitable target for molecular genetic studies due to the existence of recurrent mutations, particularly AF508.
The clinical interest was evident: in addition to being a severe early-onset disease, genotype identification had
diagnostic, prognostic, and reproductive utility®4°,

A study conducted in Mexican families evaluated the AF508 mutation using PCR in ten families from northern
and western Mexico with at least one affected patient. Direct molecular analysis was possible in seven of
the families, identifying five homozygous AF508 patients, three compound heterozygotes, and three patients
without the mutation. In total, 13 AF508 alleles were reported out of 22 analyzed chromosomes, corresponding
to a frequency of 59.1%, a value similar to that previously described in the Spanish population. Additionally,
an association was observed between the presence of the AF508 allele and pancreatic insufficiency®.
Subsequently, molecular prenatal diagnosis of cystic fibrosis was introduced to the clinical setting in Venezuela,
where three cases in high-risk couples were reported. The diagnosis of the AF508 mutation was performed
using DNA obtained from amniocytes or cell cultures, followed by PCR amplification and polyacrylamide gel
electrophoresis. Two of the fetuses were homozygous for AF508, and a third presented one AF508 allele.
The study highlighted the clinical impact of prenatal diagnosis, as genotypic information allowed families
to make informed reproductive decisions®.

To expand the local perspective into a regional overview, a multicentric collaborative study analyzed 192
alleles from patients with a clinical diagnosis of cystic fibrosis from Mexico, Colombia, and Venezuela'*. Using
a reverse dot blot hybridization technique to detect 16 of the most common mutations worldwide, the panel
demonstrated an overall diagnostic efficacy of 47.9%. The AF508 mutation was the most frequent (39.6%
overall), although it showed marked subregional differences: 47.8% in Mexico, 35.4% in Colombia, and 29.6%
in Venezuela. Additionally, screening identified non-AF508 alleles representing 8.3% of the sample, highlighting
the G542X (4.7%), N1303K (1.0%), and 3849+10kb C>T (1.0%, detected only in the Mexican cohort) mutations®.

This specific multicentric outcome was pivotal: the high proportion of unidentified alleles (52.1%) empirically
demonstrated the significant allelic heterogeneity of Latin American populations. It quantified the clinical
limitations of utilizing Caucasian-centric mutation panels in admixed demographics and strictly justified the
need to design diagnostic strategies tailored to our specific genetic background*. Altogether, these works
consolidated the utility of genetic analysis for identifying specific CF7R mutations, positioning Latin American
countries among the first to adapt PCR for both the management of Mendelian diseases and the genetic
characterization of their admixed populations.

2. HEMOPHILIA A: OVERCOMING SEQUENCING BARRIERS VIA LINKAGE ANALYSIS

Hemophilia A represented another field of early application for molecular diagnosis, especially in the context
of carrier detection. Before the development of targeted molecular strategies, directly sequencing the massive
coagulation factor VIl (F8)gene was technologically and economically prohibitive for routine care in developing
nations. Carrier diagnosis depended strictly on biochemical and immunological parameters with a limited
capacity to distinguish heterozygous women with certainty?®.
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In an initial study of our laboratory conducted in families from northeast Mexico, the B¢/l polymorphism present
in intron 18 of the F8 gene was analyzed. Southern blot and PCR were used to evaluate 43 individuals
belonging to eight families with a history of hemophilia A. Among the 27 women requiring carrier diagnosis,
17 were informative. Within this group, three positive and five negative carrier cases were identified. The
frequency of the major RFLP allele (the long) was 63%, and that of the minor allele (the short) was 37%, with a
heterozygosity of approximately 48.2%, supporting the practical utility of the polymorphism’. A second study
expanded this approach by examining 20 unrelated Mexican families, using PCR of intron 18 followed by Bc/
| digestion. In this study, 11 mothers were informative (55% of the sample). Among their 18 daughters, carrier
status was confirmed in eight, with estimated allele frequencies of 0.675 for the Bc/I+ allele and 0.325 for the
Bcl - allele®. Taken together, these studies successfully marked the transition from phenotypic to genotypic
diagnosis for X-linked diseases in the region, relying on practical polymorphic linkage to circumvent the
infrastructural inability to perform exhaustive gene sequencing.

3. DUCHENNE AND BECKER MUSCULAR DYSTROPHIES: RAPID MULTIPLEXING IN CLINICAL PRACTICE
Research on muscular dystrophies represented a milestone in the optimization of multiplex PCR protocols
for the analysis of the dystrophin gene, the largest known gene in the human genome at that time (2.5 Mb).
The study focused on a cohort of 24 unrelated male patients, with a presumptive phenotypic composition
of 21 cases of Duchenne (DMD), 2 of Becker (BMD), and 1 intermediate form (IMD). The initial clinical diagnosis
was based on physical examination, age of loss of ambulation, and elevated creatine kinase levels*®.

By using 9-plex and 5-plex PCR reaction kits, the laboratory identified intragenic deletions in 37.5% of the
analyzed patients. Notably, 77.7% of these alterations were located in the distal "hot-spot' region of the gene,
specifically within the segment spanning exons 44 to 55. A smaller proportion (22.2%) was located in the proximal
region*'. The detailed characterization revealed significant variability, ranging from single-exon deletions
(such as those involving exons 44 and 45) to extensive deletions spanning 8 to 12 exons™. The laboratory
emphasized that while the 37.5% detection frequency is in the lower range compared to European or North
American populations (50-70%), the results are consistent with Asian populations, suggesting marked
molecular heterogeneity and possible autochthonous genetic differences in the region®’.

From an operational and translational standpoint, the implementation of this multiplex methodology was
revolutionary for regional public health. It demonstrated superior diagnostic efficiency by reducing turnaround
times to only five hours. Crucially, it eliminated the need for radioactive labeling and the rigorous facilities
required for Southern blotting, establishing PCR as an accessible, safe, and rapid routine strategy for confirmatory
diagnosis in Latin American families**.

4. THE hGH MULTIGENE COMPLEX: PIONEERING COMPANION DIAGNOSTICS

Studies on the AGHmultigene complex constituted a particularly valuable contribution to the molecular diagnosis
of endocrine deficiencies and the understanding of placental physiology. This pentagenic /ocusincludes five
closely related genes, at that time named: hGH-N, hPL-1, hPL-4, hGH-V, and hPL-3*?. In a study focused on
the diagnosis of deletions within this complex, a strategy was developed based on PCR with consensus
oligonucleotides capable of simultaneously amplifying all five genes. Subsequently, the products were
differentiated through specific digestion patterns using restriction enzymes.

This approach allowed for the diagnosis, among a pilot sample of ten patients with isolated GHD, of one
case with a deletion of the A/GH-N gene, compatible with Type IA deficiency'?. Because the precise structural
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identification of the hGH-N gene deletion accurately predicted a lack of therapeutic efficacy with recombinant
HGH (rHGH), a bona fide outcome of these studies was the invention of the world's first companion diagnostic
or cDx*. These findings were complemented by a study regarding a pregnancy with severe intrauterine
growth restriction (IUGR). In this case, the placenta showed deletions encompassing the active APL-3, hPL-4,
and hGH-V genes, while hGH-N and hPL-1 (known to be pseudogenes) remained intact'’. The analysis of the
parents showed that both carried distinct heterozygous deletions at the 3" end of the /ocus, which explained
the genetic origin of the observed placental phenotype®3. Altogether, these works expanded the scope of
molecular diagnosis beyond hematological or metabolic diseases, establishing a definitive bridge between
basic molecular research and the clinical management of complex perinatal phenotypes. A comprehensive
summary of the molecular strategies, clinical cohorts, and key diagnostic impacts evaluated across all four
pathological axes is detailed in Table 1.

Table 1. Comparative Analysis of Integrated Molecular Diagnostic Studies.

Molecular .
Pathology Strategy Population / Sample Key Results / Impact

] . 59.1% AF508 frequency; established
PCR (Exon 10)/ | 10 Mexican families

Cystic Fibrosis® ) genotype-phenotype correlation with
AF508 detection | (North/West) o o
pancreatic insufficiency.

— _ L _ Confirmed clinical utility of amniocyte
Cystic Fibrosis 3 high-risk pregnancies

Idem genetic analysis for reproductive
(Prenatal)®® (Venezuela) . _
decision-making.
Lo _ Reverse Dot Blot . 47.9% overall diagnostic efficacy;
Cystic Fibrosis o 192 alleles (Mexico, ) ]
_ hybridization (16- ) documented regional allelic
(Regional)*? . Colombia, Venezuela) _ _ _
mutation panel) heterogeneity and admixture impact.

o 48.2% heterozygosity; validate
Southern Blot + | 43 individuals / 8

Hemophilia A’ . _ indirect markers for carrier detection
PCR Bc/| RFLP families (NE Mexico) o _ o
in informative families.

_ Estimated allele frequencies
. 20 unrelated Mexican N
Hemophilia A® PCR-RFLP (Bc/1) tamilie (0.675/0.325); transition from
ilies
phenotypic to genotypic diagnosis.

] 37.5% deletion detection rate; 77.7%
Multiplex PCR

DMD / BMD 24 male patients of deletions located in the distal “hot-
(9-plex / 5-plex)
spot” (exons 44-55).

PCR + Diagnostic ) _ Identification of AGH-N deletion (Type
o 10 patients with .
Growth Hormone*? | restriction . IA); developed consensus primer
isolated GHD :
enzymes strategy for the pentagenic /ocus.
Documented absence of HPL and
Placental HGH-V; explained genetic basis of
Idem 1 pregnancy (IUGR) )
Hormones*? placental phenotype via parental
heterozygosity.

DMD/BMD: Duchenne/Becker Muscular Dystrophy; GHD: Growth Hormone Deficiency; IUGR: Intrauterine Growth
Restriction; NE: Northeast; RFLP: Restriction Fragment Length Polymorphism.
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Discussion

The reviewed research demonstrates that the introduction of molecular biology in the 1990s radically
transformed the diagnosis of pediatric hereditary diseases in Latin America. This evolutionary incursion had
its starting point at the 1987 Latin American Workshop on the Human Genome Project sponsored by UNESCO,
which subsequently designated our original laboratory at the Autonomous University of Nuevo Leon (UANL)
headquarters as the Training Center for said project in Latin America. Following this event, the technology and
reagents necessary to implement, for the first time in Mexico, the molecular diagnosis of cystic fibrosis through
the detection of the AF508 mutation were imported®.

The historical significance of this technological transfer cannot be overstated. Before the widespread availability
of PCR, clinical geneticists in developing nations relied heavily on phenotypic assessments and classical
biochemical tests, which often lacked definitive diagnostic certainty. As highlighted by Penchaszadeh, the
early implementation of genetic services in Latin America was severely hindered by structural inequities,
prohibitive costs, and a lack of specialized infrastructure®. Legacy molecular techniques, such as Southern
blotting, were standard in the Global North but presented nearly insurmountable barriers in our region. They
required not only extensive training and tedious regulatory permits but also highly controlled safety facilities
for handling radioactive isotopes. By transitioning from these cumbersome methods to PCR-based assays, our
laboratory demonstrated that advanced molecular diagnostics could be adapted to resource-constrained
public hospital settings, significantly reducing both diagnostic turnaround times and procedural costs.

From a technical perspective, the analyzed studies illustrate a series of complementary methodological
trajectories that marked the evolution of molecular diagnosis in the region. In the initial stage, the approach to
cystic fibrosis through the direct identification of the AF508 mutation established precise genotype-phenotype
correlations, associating this defect with clinical manifestations such as pancreatic insufficiency®. However,
the subsequent implementation of 16-mutation panels via reverse dot blot hybridization revealed a much
more complex genetic-population reality. Multicentric results evidenced that the prevalence of the AF508
mutation in our region (39.6%) is substantially lower than that reported in Caucasian European or North
American populations (approximately 66%).

This diagnostic discrepancy is a critical reflection of the genetic architecture of Latin American populations.
The high rate of unidentified alleles (52.1%) empirically demonstrated the profound impact of Latin American
admixture—a historical amalgam of Amerindian, European, and African roots—on the distribution of CF7R
gene mutations'#*°, Recent extensive genomic studies, such as those by Ruiz-Linares et a/. and Salzano & Sans,
corroborate that this trihybrid admixture generates a highly variable mutational landscape across different
geographic subregions, directly influencing the prevalence and penetrance of Mendelian disorders®*8, Our
early multicentric findings—which identified predominantly Hispanic-Amerindian genetic profiles in Monterrey
and Bogot4, contrasted with a greater African influence in Maracaibo—served as some of the earliest empirical
evidence that international diagnostic panels, typically designed around Caucasian allele frequencies, are
insufficient for admixed populations. This anticipated current precision medicine directives that demand the
inclusion of autochthonous and African-derived alleles (such as 3120+1 G>A) into regional screening protocols
to improve sensitivity in admixed populations, a principle that was definitively adopted by international
medical genetics guidelines™.
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In parallel, in the study of hemophilia A, the use of the B¢/ | polymorphism represented a vital diagnostic
strategy. As a pathology with high mutational heterogeneity, this indirect marker allowed for the accurate
detection of carriers even in families where the exact genetic defect remained unknown, thereby providing
a foundation for regional genetic counseling’®. Subsequently, the foray into DMD and BMD constituted a
methodological milestone by addressing the technical challenge of analyzing the dystrophin gene, whose
2.5 Mb length defined it then as the largest in the human genome?™*. Through the implementation of multiplex
PCR protocols (9-plex and 5-plex formats), the laboratory identified that 77.7% of deletions in regional
patients are concentrated in the distal "hot-spot" region, specifically between exons 44 and 55.

The clinical utility of this multiplexing capability in pediatric neurology was profound. It not only optimized the
differential diagnosis between severe Duchenne and milder Becker variants, but it also reduced turnaround
times to just five hours, far surpassing the complexity of traditional Southern blot techniques®. This rapid
detection is crucial in neuromuscular disorders to expedite multidisciplinary care and facilitate early, informed
family planning.

Finally, the research extended the utility of PCR toward molecular endocrinology through the analysis of the
hGH locus. This phase allowed for the identification of specific deletions, such as 6.7 and 7.6 kb, directly
associated with isolated GHD Type 1A%, Beyond the evaluation of short stature, these studies were pioneers
in documenting the absence of placental lactogen (HPL) and the placental growth hormone variant (HGH-
V). Consequently, a solid genetic basis was established for the first time in the region to explain complex
phenomena such as IUGR. And given that the deletion of the AGH-1 gene predicted a lack of efficacy with rHGH,
a bona fide outcome of these studies was the invention of the world's first cDx, establishing a definitive
bridge between basic molecular research and precision pediatric endocrinology*.

Even though at the time, population databases were limited, sample sizes were often small, and access to
specialized equipment was somewhat prohibitive, the relevance of these contributions remains valid. They
constitute direct precursors to current strategies such as multigene panels, next-generation sequencing (NGS),
and non-invasive prenatal diagnosis.

Conclusion

The introduction of molecular biology in the 1990s marked a fundamental transition for pediatric medicine in
Latin America, establishing a new paradigm for diagnosing hereditary diseases. By overcoming the infrastructural
barriers of cumbersome legacy techniques, the regional implementation of the PCR and its advanced variants—
such as multiplexing and polymorphism linkage—effectively democratized access to rapid, non-radioactive
diagnostics for conditions like cystic fibrosis, hemophilia A, muscular dystrophies, and growth hormone deficiencies.
Crucially, these multicentric studies provided vital empirical evidence of the significant genetic admixture
within Latin American populations. By demonstrating that international diagnostic panels often fall short in
identifying regionally prevalent alleles, this early work highlighted the critical need for tailored genomic
strategies.

Ultimately, the scientific legacy reviewed in this manuscript extends beyond early technical troubleshooting;
it represents the definitive establishment of pediatric precision medicine in the region. These pioneering
efforts successfully bridged the gap between basic molecular research and the hospital bedside, providing
immediate translational benefits through rapid confirmatory diagnosis, targeted genetic counseling, and
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early companion diagnostics. This proactive adaptation of molecular tools not only transformed patient care
during that decade but also built the robust methodological and epidemiological framework upon which
contemporary genomic medicine in Latin America currently relies.
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