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Abstract: Gaucher disease (GD) is a rare lysosomal storage disorder resulting from a deficiency of the lysosomal enzyme 
glucocerebrosidase caused by biallelic variants in the GBA1 gene. Patients may present with a wide spectrum of disease manifesta-
tions, including hepatosplenomegaly, thrombocytopenia, bone manifestations, and in the case of GD types 2 and 3, neurodegeneration, 
cognitive delay, and/or oculomotor abnormalities. While there is no treatment for neuronopathic GD, non-neuronopathic manifesta-
tions can be efficiently managed with enzyme replacement therapy or substrate reduction therapy. However, many patients with GD 
experience a lengthy diagnostic odyssey, which can negatively affect their access to care and clinical outcomes. The cause of this 
diagnostic delay is multifaceted. Since genotype/phenotype correlations in GD are not always clear, it is difficult to predict the 
presence, severity, and onset of clinical manifestations. This heterogeneity, combined with the molecular complexity of the GBA1 
locus, low disease prevalence, and limited knowledge of GD among providers serves as a barrier to early diagnosis of GD. In this 
review, we discuss such obstacles and challenges, considerations, and future steps toward improving the diagnostic journey for patients 
with GD. 
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Introduction
Rare diseases are not rare. Collectively, there are 7,000–10,000 identified rare diseases that in total affect 1 in 10 people 
in the US,1 with a worldwide prevalence of 3.5–5.9%. This is similar to the incidence of Alzheimer disease in those over 
65 (1 in 9), as well as the rate of diabetes in the US (1 in 10).2 However, less than 2.4% of rare diseases have 
a treatment,3 and physicians tend to be less aware of these than of drugs for more common disorders. Gaucher disease 
(GD) is a lysosomal storage disorder resulting from decreased glucocerebrosidase levels due to biallelic pathogenic 
variants in the gene GBA1, with an overall prevalence of 1 in 10,000–60,000 worldwide. GD manifests with a spectrum 
of features, with overlap between the three classically defined types: non-neuronopathic Gaucher disease type 1 (GD1, 
OMIM 230800), acute neuronopathic Gaucher disease type 2 (GD2, OMIM 230900), and chronic neuronopathic Gaucher 
disease type 3 (GD3, OMIM 231000).4–6 Patients may present at any time between birth to old age, with a myriad of 
manifestations including splenomegaly, bone pain, fractures, thrombocytopenia, anemia, fatigue, and in more severe 
forms, cognitive delay, seizures, scoliosis/kyphosis, and neurodegeneration. Due to the heterogenous nature of the 
disorder, relatively low prevalence, variation of presentation, and low provider familiarity, patients may experience 
lengthy diagnostic delays as well as extraneous testing and procedures.7,8 This delay may have long term sequelae, both 
for the patient and the caregivers,9,10 and earlier diagnosis is essential for improving patient outcomes. In this paper we 
explore some barriers to early diagnosis as well as current attempts to ameliorate them.

Barriers to Diagnosis
Molecular Complexity
Many factors, such as non-specific biomarkers with limited disease correlation and inaccurate genotyping, contribute to 
delays in diagnosing all three types of GD. Currently, the use of sequencing to identify GBA1 variants, coupled with 
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evaluation of GCase activity, remains the diagnostic gold standard. However, technical intricacies in sequencing and 
measuring enzymatic activity can make diagnosis difficult. Obtaining an accurate GBA1 genotype can be challenging due 
to the existence of the highly homologous GBA1 pseudogene (GBAP1).11 Located only 16 kb downstream from the 
GBA1 gene, GBAP1 increases the risk for recombination and gene conversion events, resulting in complex, pathogenic 
recombinant alleles. These can be categorized into nonreciprocal events, when a portion of GBA1 is replaced by the 
homologous sequence in GBAP1, and reciprocal events, when a segment of GBA1 is fused with a segment of GBAP1 to 
establish a novel allele (Figure 1). Despite multiple decades of study, the gene regulation, expression, and structure at the 
GBA1/GBAP1 locus remains poorly understood, especially within different cell types.12,13 Prior to the availability of next 
generation sequencing (NGS), identification of GBA1 variants relied on the use of PCR-based genotyping panels with 
limited numbers of pathogenic variants, and Sanger sequencing, which requires avoiding specific primers that may lead 
to incorrect genotyping and failure to correctly diagnose GD.14 The use of selected panels can miss up to 15–20% of 
pathogenic variants.15 NGS can be a powerful tool to analyze large target regions, enabling the discovery of new, rare 
variants. However, despite its many advantages, WGS can introduce errors during library preparation and data analysis, 
for example, by failing to specifically amplify the functional gene.16,17 Both long and short read NGS often cannot 
reliably detect recombinant alleles. Recent efforts to enhance mapping accuracy include a software tool called Gauchian. 
This platform recognizes most reciprocal recombinations, but can miss rare gene conversion events.18 Further advance-
ments are necessary to consistently ensure accurate GBA1 genotyping.

There are also shortcomings when using biomarkers to screen for GD. Chitotriosidase was historically used to 
monitor disease progression in patients with GD but was found to be an unreliable diagnostic tool, as about 40% of the 
general population carries at least one CHIT1 variant, leading to absent chitotriosidase activity in 10%, and raising 
concerns for false negatives.19,20 Furthermore, chitotriosidase is a non-specific biomarker and can be elevated in other 
lysosomal storage disorders such as Niemann Pick disease21 and some gangliosidoses.22 Other biomarkers used such as 
CCL18,23 angiotensin-converting enzyme (ACE), and TRAP5b are also not specific for GD.24

Recently, glucosylsphingosine (lyso-Gb1) has emerged as a more promising GD-specific biomarker. Unlike pre-
viously identified biomarkers not directly involved in GD pathology, lyso-Gb1 is a direct metabolite of glucosylceramide. 
Elevated levels were first detected in the brains of patients with neuronopathic GD. Since then, plasma lyso-Gb1 levels 
have been found to correlate with genotype and disease burden, as well as clinical GD symptoms, including 
hepatosplenomegaly.20,25,26 Subsequently, plasma lyso-Gb1 has been evaluated as a useful tool to monitor disease 
severity and patients’ response to therapy. However, studies have demonstrated that lyso-Gb1 levels can fluctuate in 

Figure 1 Recombination and gene conversion events between GBA1 and GBAP1. (A) The GBA1 gene has a highly homologous pseudogene, GBAP1, located ~16 kb 
downstream from the functional gene. (B) An example of an allelic gene conversion, a type of nonreciprocal recombination event where a portion of GBA1 is replaced by the 
homologous sequence in GBAP1. (C) An example of a reciprocal recombination event, where a crossover leads to a novel fusion allele and a novel duplicate allele.Adapted 
from Tayebi N, Stubblefield BK, Park JK, et al. Reciprocal and nonreciprocal recombination at the glucocerebrosidase gene region: implications for complexity in Gaucher 
disease. Am J Hum Genet. 2003;72(3):519–534. Copyright 2003, with permission from Elsevier”.11
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patients, and there is not yet a consensus on a reliable cut-off level to distinguish patients with GD from carriers and 
healthy controls.27–29 It is also important to note that as a biomarker, lyso-Gb1 has limitations. An 8-year longitudinal 
study has found that lyso-Gb1 levels do not consistently correlate with GD severity, concluding that, contrary to previous 
study results, the relationship between the marker and disease progression is not linear.30 Another study also reported 
a patient affected with GD who did not have elevated levels of lyso-Gb1, raising a concern for false negative results.31 

Further research is needed to identify specific lyso-Gb1 cut-off levels that can inform GD diagnosis and treatment 
timelines.

Clinical Ambiguity
Lengthy Diagnostic Odyssey
It is well established that GD presents with a variety of symptoms. The patient’s initial workup may be non-specific and 
include anemia, thrombocytopenia, hepatosplenomegaly, or lymphadenopathy, leading to an unclear clinical picture and 
difficult diagnosis.32 For example, hematological abnormalities and lymphadenopathy can be caused by various child-
hood leukemias, lymphomas, or viral pathogens. The signs and symptoms of GD can mimic those of rarer inborn errors 
of metabolism, other lysosomal storage disorders, inborn errors of immunity, and autoimmune disorders.33 Also, access 
to accurate genetic testing is not universal, creating further delays and difficulties for providers seeking to diagnose 
patients with a rare disease.34 Performing accurate genotyping of all GD patients may ultimately improve our under-
standing of genotype/phenotype correlations in this disease.

As mentioned, difficulty in diagnosis is often exacerbated by lack of knowledge among providers regarding GD. 
Patients are often misdiagnosed or referred to multiple different specialists, most often hematologist-oncologists, before 
receiving a diagnosis.35,36 Among hematologists, there remains a lack of awareness of GD, as a study across seven 
countries found that only 20% of 406 surveyed hematologist oncologists initially considered GD in a patient presenting 
with common GD manifestations such as anemia, thrombocytopenia, hepatomegaly, splenomegaly, and bone pain, 
instead focusing on leukemia, lymphoma, and multiple myeloma.9,37 In addition to emotional distress over 
a prolonged diagnostic journey, patients may undergo unnecessary invasive procedures or receive inappropriate 
treatment.

Unclear Management Guidelines
While enzyme replacement therapy and substrate reduction therapy are effective at managing non-neurological mani-
festations of Gaucher disease, there is a lack of universal standards of care or established management goals. Expert 
consensus opinions have converged on a few general principles of treatment such as normalizing hematological 
parameters, reducing organomegaly, and maintaining quality of life and participation in work or school.38,39 Most 
diagnostic guidelines recommend genetic testing confirmed with enzyme activity assays.40 However, the clinical utility 
of available biomarkers, optimal dosing, and criteria for initiation of treatment are still debated. Limited genotype/ 
phenotype correlations make it difficult to predict which patients may experience the greatest symptom burden and 
benefit most from treatment.41,42 Clearer management guidelines and disease surveillance throughout the entire spectrum 
of GD would help to better quantify the benefits of early treatment initiation, particularly in patients who show few 
disease manfestations.

Public Policy Considerations
Newborn Screening in the US
Newborn screening (NBS) in the United States is a public health initiative developed and funded at the state level, with 
wide variation in both screening implementation and disease inclusion. The Recommended Uniform Screening Panel 
(RUSP) serves as a nationwide guideline that communicates which conditions are appropriate for NBS. The RUSP 
currently does not include GD or mandate its adoption.43 In addition, the timeline from inclusion to implementation can 
be lengthy and irregular. Since the current RUSP’s official inception in 2010, eight new disorders have been added, 
including MPS I, MPS II, and Pompe disease.44 However, state implementation of those guidelines can be slow and 
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inconsistent; for example, MPS I was approved in 2015 and added to the RUSP in 2016, but currently, only 34 states 
conduct or plan to conduct NBS for MPS I.45

Gaucher disease faces its own specific hurdles to widespread screening. The benefits of adding GD to the RUSP and 
state-specific newborn screening programs have been debated given unclear genotype/phenotype correlation, variable age 
of symptom onset, unreliable biomarkers, and the lack of effective treatment for its neuronopathic manifestations46 

(Figure 2). Thus, opinions regarding the utility of NBS are varied. Results from one study exploring genetic healthcare 
providers’ attitudes towards population-wide NBS for lysosomal storage disorders indicated that Fabry and GD were 
considered lower priority than infantile Pompe disease and MPS I, for example, due to a perceived later age of onset.47 

However, a Delphi consensus group of GD experts supported NBS for GD since an earlier disease onset conveys a high 
risk of morbidity and there is often a lengthy diagnostic odyssey.39 Patients themselves lack a consensus opinion on 
whether it would be preferable to expand NBS efforts48 due to the lack of a definitive cure for GD, the observation that 
many patients may have a low symptom burden, and lack of evidence for any long-term effects of mild patients going 
untreated in childhood.49,50 In light of these debates and subsequent lack of inclusion in the RUSP, GD is currently part 
of the newborn screens in only six states – Illinois, Missouri, New Jersey, New Mexico, Oregon, and Tennessee – in 
addition to the ongoing ScreenPlus pilot NBS program in New York City.51

Economic Considerations
The Orphan Drug Act of 1983 changed the landscape of drug development in the rare disease space through research 
incentives. As of 2022, there have been 1035 therapeutic approvals for drug indications that received orphan status.52 

Nevertheless, having a rare disease is expensive both before and after diagnosis. A study of Pompe disease found that the 
cost of disease was $176,000 in the year of diagnosis and $371,000 after, with a cost of $46,000 to $87,000 per year of 
delayed diagnosis.53 Even though newer technologies and diagnostic strategies, such as early exome and genomic 

Figure 2 Medical and institutional barriers to early diagnosis. 
Abbreviations: GD, Gaucher disease; NBS, Newborn Screening.
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studies, often reduce the time to diagnosis, associated costs, and caregiver burden,54,55 they still may not reduce overall 
disease-associated expense due to treatment costs.56 In GD, ERT is estimated to cost between $240,000 and $750,000 per 
patient per year depending on specific drug, patient weight, and associated costs of drug administration, rendering it 
inaccessible to patients in many regions of the world.57 Orphan drugs in total are estimated to generate $185 billion 
dollars in revenue this year, occupying a full fifth of drug expenditures58 with a price increase of up to 44% over their 
non-orphan drug similars in the last 15 years.52 Development costs and price justification for new therapies are difficult 
to assess, as drug developers also benefit from patient groups and other government funded agencies and make use of 
basic science and preclinical work by publicly funded institutions.59,60

Future Steps
Harnessing the AI Advantage
The numerous biological, political, and logistical hurdles faced by patients with GD highlight the need for improved 
diagnostic tools, wider access to care, and a better understanding of the effect of genotype on clinical manifestations. The 
larger rare disease community currently uses several tools to address these shortfalls through data collection and analysis 
and by facilitating disease diagnosis.

Specialized search engines are one such tool. FindZebra.com curates articles from various databases, including the 
Online Mendelian Inheritance in Man (OMIM), Orphanet, National Organization for Rare Disorders (NORD), and more. 
Recently, a new online search tool, deep.findzebra.com, was piloted, which mines PubMed case data to identify rare 
phenotypes of rare diseases. This deep learning model has been trialed for Fabry disease and GD. Validation by medical 
experts showed that the tool extracted clinically relevant articles more often for Fabry disease than for GD, perhaps due 
to the limited genotype/phenotype correlation in GD and changing therapeutic guidelines. However, this tool still 
represents an important step in taking computational approaches to aid in making a more rapid diagnosis of rare 
diseases.61

Artificial intelligence applied to electronic health records has the potential to recognize rare disease diagnoses by 
identifying previously undiagnosed patients and validating diagnostic scoring systems. Certain rare disease algorithms 
trained on EHR data from US patients have been shown to be 10–20-fold more efficient at identifying patients with GD 
than previous clinical diagnostic algorithms.62 Such approaches still require that patients receive confirmatory diagnostic 
testing, but identifying high-risk patients early can help to shorten the lengthy diagnostic odyssey. Current scoring 
systems such as the Gaucher Earlier Diagnosis Consensus (GED-C) developed by GD specialists can be validated and 
applied wide-scale to EHR data to identify potential undiagnosed GD cases.7,63–65

In addition to collating online resources to give physicians and patients better access to specialized and accurate 
information on GD, the use of artificial intelligence to evaluate facial phenotypes provides another promising diagnostic 
tool. The DeepGestalt algorithm and its subsequent tools such as GestaltMatcher and D-Score are leaders in this “next- 
gen phenotyping” space.66 The Face2Gene platform, powered by DeepGestalt, has already been applied to compare 
photos of healthy controls and patients with GD2 or GD3, yielding a mean accuracy of 76.6%, compared to 37.7% for 
random comparison.67

Public Policy
Public policy first defined the rare disease space more than four decades ago. With the advent of new technologies, the 
field has expanded, with a large increase in the number of identified rare diseases, as well as an improved understanding 
of their pathogenesis, enabling new treatment modalities. With new knowledge, new challenges have arisen that would 
benefit from updated policy at the national level. The rising cost of new therapies is one of those areas. The mean cost for 
single use treatments such as gene therapy was $2,643,487 for approved therapies from 2016 to 2023, often with limited 
clinical evidence in support of FDA approval.68 Several strategies have been proposed to address these current and future 
shortcomings, such as re-defining the definition of rare disease in the orphan drug space, adopting outcome-based risk 
sharing, and multistate purchasing initiatives.59,68–70 No unified strategy to address the economic considerations of rare 
diseases has yet emerged.
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NBS varies throughout the nation, but its implementation is guided by common principles. These include the 
availability of screening tests that can identify the disorder shortly after birth, when disease manifestations may still 
be subclinical, with appropriate sensitivity and specificity. In addition, there must be a demonstrable benefit to early 
detection, intervention, and treatment.71 Historically, the ability to accurately screen for GD and benefits to widespread 
screening have been debated. However, improved enzyme assays, sequencing capabilities, and the advent of ERT and 
SRT that treat non-neuronopathic GD symptoms are promising developments. While the field still lacks effective 
treatment for the neuronopathic manifestations of GD, new and emerging therapies may necessitate updates to universal 
screening guidelines for GD and the RUSP nomination process. A recent survey of NBS experts supported the idea that 
the current NBS nomination and RUSP process required modernization. They posited possible solutions that included 1) 
revising and improving timeliness of RUSP review; 2) creating mechanisms to offer screening for conditions in addition 
to the RUSP, for example, through public-private partnerships to support expanded NBS; 3) accelerating and expanding 
data collection to inform policy and implementation; 4) helping states expedite comprehensive implementation of 
screening for new disorders; and 5) evaluating emerging methods of screening and their consequences.72

Conclusion
Obstacles to early diagnosis of GD stem from its phenotypic heterogeneity and overlap in manifestations with other 
disorders. The dearth of reliable biomarkers, wide spectrum of disease manifestations, and limited genotype/phenotype 
correlation lead to inadequate provider knowledge about this rare disease. Defining appropriate diagnostic algorithms, 
increasing access to accurate genetic testing, and extending current research on standards of care may help to rectify this 
problem. Once diagnosed, the lack of consensus on management guidelines in asymptomatic individuals further 
complicates the utility of universal NBS, as the benefits of early initiation of treatment in asymptomatic non- 
neuronopathic patients are unclear. The high cost of available therapies is another consideration, as well as the lack of 
brain penetrant therapies for those affected with the most severe forms of GD. Thus, GD remains a nuanced addition to 
nationwide screening guidelines. A few of these challenges can be addressed through computational efforts, such as AI, 
that can identify previously undiagnosed patients, validate current GD symptom scoring systems, and enhance our 
understanding of GD’s varied clinical manifestations. In addition, public policy efforts to expand funding and facilitate 
public-private stakeholder partnerships can help to address the current obstacles to diagnosis at a nationwide level.
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