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• Rare diseases affect between 300-400 million worldwide, yet many of the 
~7,000 unique rare diseases have very low prevalence, affecting 3,500 or 
fewer patients in US. 
• Challenge: Many remain undiagnosed due to clinicians' limited experience with 

individual diseases and the heterogeneity of clinical presentations. 
• AI has demonstrated tremendous success in assisting diagnosis.

• Challenge: Much of the success is contingent on the availability of large annotated 
datasets. Rare disease diagnosis requires that approaches learn from limited data. Of 
465 diagnosed patients in the Undiagnosed Diseases Network, there are 378 unique 
causal genes and 299 unique diseases.

Solution: SHEPHERD is a few-shot learning approach for multi-faceted 
diagnosis of patients with rare genetic diseases.

Motivation Results

• Overcomes limitations of traditional data-hungry AI methods by:
• Infusing external knowledge via geometric deep learning on a knowledge graph, 

connecting patient clinico-genomic data to disease relevant data.
• Leveraging label-efficient metric learning to align patient, gene, & disease 

representations.
• Training on a large disease-split cohort of simulated patients.

• Generalizes to never-before-seen phenotypes, genes, and diseases:
• Performs well on patients with heterogeneous clinical presentations & novel genetic 

conditions.
• Broadly applicable across multiple points in the diagnostic process (validated by 

performance on two external, independent patient cohorts).
• SHEPHERD has demonstrated potential to shorten the diagnostic odyssey  

for rare disease patients.

Conclusion

SHEPHERD Architecture

Experimental Setup

Figure 1. SHEPHERD is first pretrained to embed the biomedical knowledge in the knowledge graph. The 
pretrained model is then applied to the task of rare disease diagnosis. Patient information is overlaid on the 
knowledge graph, and SHEPHERD generates an embedding for the patient phenotypes and each candidate 
gene, disease, or patient. The model is trained via a loss function that encourages patient embeddings to be 
close to the embeddings of their causal gene or disease or other patients with the same gene or disease.

Figure 2. SHEPHERD is trained on a large cohort of 
simulated patients and externally validated on 
patients across multiple sites in the Undiagnosed 
Diseases Network. 
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Figure 5. UMAP of SHEPHERD’s embedding space of all UDN patients (up-facing triangle) and Orphanet 
disease nodes (circle), colored by disease category. This case study consists of a list of the patient’s five 
phenotypes that are most highly attended by SHEPHERD, a distribution of average similarity of the patient to 
diseases in a particular disease category, and a table of the five most similar diseases according to SHEPHERD.

Patient: UDN-P8
Causal gene: ATP5PO       Novel disease: ATP5PO-related Leigh syndrome
Top 5 phenotypes: Profound global developmental delay, cerebral hypomyelination, 
limb hypertonia, hypoplasia of the corpus callosum, infantile spasms

Figure 4. (a) UMAP plot of SHEPHERD’s embedding space of all simulated (circle), UDN (up-facing triangle), and MyGene2 (down-facing triangle) patients colored by their Orphanet disease category. This case study consists of a 
zoomed-in UMAP displaying the query patient (star) and patients with the same causal gene as the query (colored circles) and a table containing information regarding the top five most similar patients retrieved by SHEPHERD. 
Patients are bolded in the table if they share the same causal gene. (b) Heatmap of average distance between phenotype embeddings of pairs of patients across disease categories.

Patient: UDN-P2
Causal gene: RPS6KA3   Disease: Coffin-Lowry syndrome
Top 10 Phenotypes (of 20): Low anterior hairline, Psychosis, 
Oligomenorrhea, Tapered finger, Mental deterioration, 
Ligamentous laxity, Pes planus, Sleep disturbance, Abnormal 
brainstem morphology, Abnormal REM sleep
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Patient 
Rank

Gene Disease

1 GRIA3 X-linked intellectual disability due to 
GRIA3 anomalies

2 RPS6KA3 Coffin-Lowry syndrome
3 THOC2 X-linked intellectual disability-short 

stature-overweight syndrome
4 AP1S2 Fried syndrome
5 SMS Syndromic X-linked intellectual 

disability Snyder type
… … …

366 SPOP SPOP – related condition

Figure 3. (a) Performance of SHEPHERD and six baseline models evaluated via average recall at k for k = 1, 3, and 5 on the expert curated gene lists. (b) SHEPHERD identifies the causal gene even in atypical or novel disease 
presentations. This patient case study includes the subset of the knowledge graph containing all nodes in the shortest path between the patient's phenotypes, causal gene, and disease and bar plots of scores that SHEPHERD 
assigned to each candidate gene in the expert-curated and variant-filtered lists. The causal gene is highlighted in orange, and the patient’s disease is highlighted in light green.

a b Patient: UDN-P1
Admitted: 2016     Diagnosed: 2019
Causal gene: POLR3A     Disease: POLR3-Related Leukodystrophy
Atypical Phenotypes: – lack of tear production, premature 
adrenarche, laryngeal cleft, hearing loss, and high blood pressure 

Expert curated (N = 17) Variant filtered (N = 86)

SHEPHERD Score

G
en
es

Only 28.3% of the 
patient’s 46 phenotypes 
are directly connected 

to POLR3A
94% of the 205 

phenotypes directly 
connected to POLR3A 
are not associated with 

the patient

Rank Disease
1 Combined oxidative phosphorylation 

deficiency 39
2 Hypomyelinating leukodystropy-20
3 Pyruvate dehydrogenase E3-binding 

protein deficiency
4 Intellectual disability-epilepsy-

extrapyramidal syndrome
5 Combined oxidative phosphorylation 

defect type 27


