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ORIGINAL ARTICLE
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Identifies Loci Implicating MLLT10, BPTF, LINC01224, and ROS1

Royce Clifford1,2   · Daniel Munro3,4   · Daniel Dochtermann5 · Poornima Devineni5 · Saiju Pyarajan5   · Million 
Veteran Program · Francesca Telese3 · Abraham A. Palmer3,6   · Pejman Mohammadi7,8   · Rick Friedman1 

Received: 6 February 2023 / Accepted: 12 November 2023 
This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2023

Abstract
Purpose  Chronic age-related imbalance is a common cause of falls and subsequent death in the elderly and can arise from 
dysfunction of the vestibular system, an elegant neuroanatomical group of pathways that mediates human perception of 
acceleration, gravity, and angular head motion. Studies indicate that 27–46% of the risk of age-related chronic imbalance is 
genetic; nevertheless, the underlying genes remain unknown.
Methods  The cohort consisted of 50,339 cases and 366,900 controls in the Million Veteran Program. The phenotype com-
prised cases with two ICD diagnoses of vertigo or dizziness at least 6 months apart, excluding acute or recurrent vertiginous 
syndromes and other non-vestibular disorders. Genome-wide association studies were performed as individual logistic 
regressions on European, African American, and Hispanic ancestries followed by trans-ancestry meta-analysis. Downstream 
analysis included case-case-GWAS, fine mapping, probabilistic colocalization of significant variants and genes with eQTLs, 
and functional analysis of significant hits.
Results  Two significant loci were identified in Europeans, another in the Hispanic population, and two additional in trans-
ancestry meta-analysis, including three novel loci. Fine mapping revealed credible sets of intronic single nucleotide polymor-
phisms (SNPs) in MLLT10 - a histone methyl transferase cofactor, BPTF - a subunit of a nucleosome remodeling complex 
implicated in neurodevelopment, and LINC01224 - a proto-oncogene receptor tyrosine kinase.
Conclusion  Despite the difficulties of phenotyping the nature of chronic imbalance, we replicated two loci from previous 
vertigo GWAS studies and identified three novel loci. Findings suggest candidates for further study and ultimate treatment 
of this common elderly disorder.

Keywords  Vertigo · Imbalance · Dizziness · Genome-wide association studies · Human

Introduction

Disorders of balance are a major source of falls, a lead-
ing cause of death in the elderly [1]. Epidemiological 
evidence suggests that over 6 million individuals in the 

USA experience chronic disequilibrium that can lead to 
falls [2]. The incidence of dizziness increases from 22% 
for adults between 65 and 69 years of age to over 40% 
for adults between the ages of 80 and 84 years [3–5] and 
there is an abundance of literature concerning associated 
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comorbidities related to dizziness in the elderly, includ-
ing increased falls, depression, social isolation, fear, and 
overall functional decline [4, 6, 7]. Thus, while falls can 
have multiple causes, dizziness is a strong predictor of 
morbidity and mortality.

Dizziness can arise from dysfunction of the balance 
system, which requires an integration of sensory input 
in large part from the vestibular portion of the cochlea. 
This complex organ is a mechanosensory structure trans-
mitting signals through an elegant and highly conserved 
neuroanatomical group of pathways that mediates our abil-
ity to perceive linear acceleration, gravity, and angular 
head motion. Significant age-related degeneration occurs 
in nearly all areas of the vestibule, including end organ 
hair cells, nerve fibers, and Scarpa ganglion cells [8–15]. 
Amalgamation of vestibular, visual, and proprioception 
input occurs in the cerebellum, with further processing in 
the cerebral cortex.

Evidence for a genetic component to balance dys-
function in the elderly includes a large Swedish popula-
tion–based twin study, where self-estimated impaired bal-
ance was assessed as a risk for osteoporotic fractures and 
demonstrated an age- and sex-adjusted heritability of 27% 
[16]. An Australian twin study, using Lord’s Balance test 
and Step test, found heritability of 46% for sensory balance 
modules and 30% for static and dynamic perturbations [17].

A recent large European GWAS used International 
Classification of Diseases (ICD) diagnoses of vertigo 
[18] for phenotyping. While their phenotype included 
acute and chronic diseases, we addressed chronicity by 
including only those participants with ICDs greater than 
6 months apart, as electronic health record (EHR) stud-
ies show improved sensitivity and specificity for chronic 
syndromes with this algorithm [19, 20].

Dizziness itself is a broader term than “vertigo,” creat-
ing a challenging phenotype for study. Younger patients 
present acutely with vertigo or a whirling sensation ema-
nating from stimuli within the three semicircular canals, 
utricle, and saccule in the inner ear. As the vestibular 
system undergoes age-related degeneration [8, 11], com-
plaints become vague, often described as an instability, 
dizziness, swaying, or an insecure gait, making diagnosis, 
treatment, and phenotyping more difficult [20, 21]. The 
recently coined term “presbyvestibulopathy” has stricter 
diagnostic criteria including objective clinical testing and 
is uncommon in patients hospitalized with complaints of 
vertigo and moderate impairment [22]. In contrast, the 
Million Veterans Program (MVP) cohort of the present 
study is predominantly ambulatory and may have milder 
impairment not requiring hospitalization, which neverthe-
less subjects them to stumbling and subsequent injury.

Chronic imbalance in the elderly may be associated with 
deficits in vision, cerebellar function, and proprioception, 

thus dissecting out a purely cochleovestibular source is 
problematic at best. To address these challenges of chro-
nicity while attempting to focus on the cochlea-vestibular 
system, we excluded those International Classification of 
Disease (ICD) diagnoses that were episodic or recurrent, 
i.e., Meniere’s and benign paroxysmal positional vertigo 
(BPPV). While BPPV may be a consequence of the age-
related degeneration of the vestibular system, it has multi-
ple other causes [23, 24] and is episodic. Other exclusions 
included ataxias, i.e., Parkinson’s Disease, cerebrovascular 
accidents, and traumatic brain injury (TBI). Thus, although 
imbalance in the elderly encompasses multiple systems, 
we endeavored to focus on the inner ear’s sensory role in 
chronic imbalance and documented degeneration with age 
by selectively defining inclusion and exclusion criteria in the 
electronic health record (EHR).

Here, we report a genome-wide association study 
(GWAS) of imbalance/dizziness and vertigo with analy-
ses of Europeans (EU), Americans of African descent 
(AA), and Hispanic ancestries (LA), then combine these 
ancestries in meta-analysis. Downstream analysis seeks to 
define genes and single nucleotide polymorphisms (SNPs) 
in regard to colocalization with expression quantitative trait 
loci (eQTLs) in specific tissues and identifies strong con-
nections to the cerebellum despite the focus on the vestibu-
lar sensory apparatus. Case-case GWAS compares allele 
frequencies to the replication cohort to measure end results 
of phenotype definitions, and fine mapping suggesting plau-
sible causal variants.

Methods

Participants

The Million Veteran Program (MVP) is a US Veterans 
Administration (VA) cohort with ongoing enrollment of 
those eligible for care in the nationwide system. After writ-
ten informed consent, participants fill out basic and lifestyle 
health question surveys and have bloods drawn for genotyp-
ing. Questionnaires amass data in regard to demographics, 
lifestyle, work, military experience, and self-reported health 
conditions. Information including International Classifica-
tion of Diseases (ICD) diagnostic codes, questionnaires, VA, 
and prior active-duty health records are linked to partici-
pants’ de-identified ID#s behind the VA firewall.

Phenotyping and Replication

Of the 829,497 subjects in MVP v_20_1 release, 648,224 had 
been assigned ancestry according to a harmonized ancestry and 
race/ethnicity genomic algorithm (Fig. 1) [25]. Chronic imbal-
ance was assessed as a binary variable with a case defined as 
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two diagnoses of dizziness or vertigo at least 6 months apart 
in the VA EHR, indicating chronicity. Although “dizziness” or 
the report of a whirling sensation is a symptom rather than a 
finding, we used International Classification of Diseases (ICD) 
codes which use the terms “vertigo” or “dizziness” rather than 
imbalance, since a health provider had performed a clinical 
examination on at least two occasions 6 months apart or more 
and the imbalance had continued beyond an acute episode. 
Subjects at the VA normally either undergo routine checkups 
with their healthcare provider or visit their provider for a com-
plaint. In either case, an ICD in the electronic health record 
would indicate that the subject had a complaint of imbalance 
during the visit. ICDs included vertigo and dizziness identified 
within the Veteran’s Administration Informatics and Comput-
ing Infrastructure (VINCI) space via SQL tables of diagnoses 
and descriptions. Participants assigned to the control group 
carried no diagnoses related to dizziness, imbalance, vertigo, 
or any of the excluded diagnoses (Table S1).

Excluded cases were those not genotyped, with no doc-
umentation of sex, of only one diagnosis of dizziness or 
vertigo, and those with diagnoses less than 6 months apart 
(Fig. 1). Since sample sizes for East and South Asian ances-
try participants were too small to be statistically informa-
tive (< 10,000), these were excluded as well. In an attempt 
to focus on cochleovestibular causes of chronic imbalance, 
excluded diagnoses comprised the following: acute and 
episodic vestibular diseases including Meniere’s Disease, 
primary cerebellar ataxias such as Parkinson’s Disease, 
cerebrovascular syndromes, poisoning, and overdose lead-
ing to imbalance, syncope, and hypotension (Table S1). A 
total of 41,233 participants with the diagnosis of benign 
paroxysmal positional vertigo (BPPV) [24] were excluded, 
as the primary focus of our work was the aging vestibule. 
Migrainous vertigo was not eliminated because the ICD9 

and ICD10 codes do not distinguish between types of aurae. 
Since a traumatic brain injury (TBI) can lead to vertigo, if 
the subject had a positive ICD for dizziness or vertigo AND 
had evidence of TBI, they were excluded.

The final sample after exclusions consisted of 417,239 par-
ticipants (50,339 cases and 366,900 controls) with a mean 
age of 61.9 ± 14.3 (Table 1). The cohort consisted of 303,743 
participants of European ancestry (72.80%); 79,388 partici-
pants of African American ancestry (19.02%); and 34,108 
participants of Hispanic ancestry (8.17%). Males constituted 
379,968 (91.06%), and 37,271 (8.93%) were female. Of the 
total, 255,559 were ≥ 50 years of age (61.25% of the cohort).

Since there was no directly applicable replication cohort, 
we compared our phenotype to a previously published meta-
analysis with the diagnosis of vertigo [18]. Although this 
cannot be construed as a “replication” cohort, to our knowl-
edge there were no chronic dizziness or imbalance GWAS 
studies available in the literature for direct comparison.

Consent

Prior written informed consent for use of health records and 
genomic data was obtained for all participants in this retro-
spective analysis within the Million Veteran Program. This 
study was approved by Central VA IRB reference E22-36, 
qualifying for exemption under category 4(ii).

Genetic and Statistical Analysis

Genotyping and Quality Control

Analyses were based on the version 3 release of the MVP 
unimputed genetic dataset and version 3 release of the MVP 
imputed genetic dataset. Details of genotyping, quality 

Fig. 1   Details of cases and 
controls. Exclusion criteria 
and numbers in green ovals. 
Participants were recruited from 
50 Veterans Administration 
Healthcare Centers across the 
USA, beginning in 2011. Final 
analyzed cohort included 79,388 
participants of African American 
descent, 303,743 of European 
ancestry, and 34,108 with His-
panic ancestry. Note that some 
excluded participants may have 
fit into overlapping categories
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control, and imputation of the MVP have been previously 
reported [26]. In brief, blood samples were gathered from 
subjects after written consent had been obtained, begin-
ning in 2011. The Advanced Marker QC Pipeline excluded 
probe-set calls from batches that failed advanced QC tests, 
as described previously. Samples are stored at MAVERIC, 
VA Boston, MA. DNA was extracted and sent for genotyp-
ing at the Affymetrix Research Services Laboratory.

Genotyping had been carried out by the MVP Core via 
a 723,305–SNV biobank array (Axiom; Affymetrix), cus-
tomized for MVP to include variants of interest in multiple 
diverse ancestries [26]. Imputation had been performed with 
Minimac 3 and the 1000 Genome Project phase 3 reference 
panel. Analyses used MVP Release 4 data (GrCh37). For 
further analysis, if only GrCh38 was available, loci and sin-
gle nucleotide polymorphisms were lifted over to GrCh37 
for analysis using Bioconductor in R. Final genotype data 
consisted of 96 million genetic variants. For each ancestry 
group, principal components of genotype were calculated 
using PLINK 2.0 alpha [27].

Subjects were genotyped on either the Affymetrix 
Axiom or UK BiLEVE Axiom arrays, with approximately 
4700 samples per batch. Genotype calling was performed 
using a custom pipeline designed for biobank scale data. 
Routine quality control procedures were performed at each 
step of genotype extraction and calling. Quality control 
of marker genotypes included tests for batch and plate 
effects, deviations from Hardy–Weinberg equilibrium 
based on exact tests, sex effects, array effects, and discord-
ance among technical replicates. Based on markers pass-
ing QC, subjects were removed for > 2% missing genotype 
rate, discrepancy between self-reported sex and geneti-
cally determined sex, or excessive heterozygosity. Phasing 
was performed using SHAPEIT3 in partially overlapping 
chunks of 15,000 markers, with the 1000 Genomes Phase 

3 dataset used as a reference panel. Chunks were merged 
using hapfuse. Data was imputed with IMPUTE4, using 
the combination of the 1000 Genomes Phase 3, UK10K, 
and Haplotype Reference Consortium panels, where the 
latter was preferentially used as the imputation reference.

Although REGENIE compensates for relatedness, nev-
ertheless, related individuals were removed. Relatedness 
was estimated using KING [28]. For analyses of unrelated 
subjects, from each pair with an estimated kinship coef-
ficient > 0.0442 (3rd degree or closer), the individual with 
phenotype positive information was retained, and for pairs 
with identical symptoms, one was chosen at random.

For ancestral principal components calculations, SNPs 
were excluded that had a MAF < 5%, HWE p-value > 1 × 10−3, 
call rate < 98%, were ambiguous (A/T, G/C), and located in 
the MHC region (chr6, 25–35 MB) or chromosome 8 inver-
sion (chr8, 7–13 MB). SNPs were pairwise LD-pruned 
(r2 > 0.2) and a random set of ~ 100 K markers was used for 
each subset to calculate PCs based on the smartPCA algo-
rithm in EIGENSTRAT [29].

Power Calculations

We had previously conducted power calculations at 80% 
power based on a range of realistic assumptions for trait 
heritability, assuming 30% imbalance prevalence, a log-
additive model, a type I error rate of 5.0 × 10−08, and per-
fect linkage disequilibrium (LD) between marker and trait 
allele. A sample of 50,000 European Ancestry imbalance 
cases and 160,000 controls allowed us to detect a locus with 
ORs as low as 1.14 for allele frequencies between 0.05 and 
0.20. Furthermore, there was excellent power to nominally 
replicate findings from the initial ancestry GWAS in other 
ancestry groups and European external replication studies.

Table 1   Demographics

SD standard deviation, AFR African American ancestry, EUR, European ancestry, EUR≥ 50 Europeans at 
least 50 years of age, HIS LatinX ancestry
a p-value of dizziness status predicted by demographic trait (linear regression)

Cases (%) Controls (%) Total (%) p-valuea

TOTAL (%) 50,339 (12.06) 366,900 (87.94) 417,239
Age (SD) 67 (11.73) 61 (14.62) 62 (14.28)  < 0.001
AFR Male 8801 (12.93) 59,280 (87.07) 68,081 (85.75)  < 0.001

Female 1334 (11.80) 9973 (88.20) 11,307 (14.24)  < 0.001
EUR Male 33,605 (11.95) 247,696 (88.05) 281,301 (92.92)  < 0.001

Female 2968 (13.23) 19,474 (86.77) 22,442 (7.08)  < 0.001
EUR ≥ 50 31,675 (12.39) 223,884 (87.60) 255,559 (100.00)  < 0.001
HIS Male 3282 (10.73) 27,304 (89.27) 30,586 (89.67)  < 0.001

Female 349 (9.91) 3173 (90.09) 3522 (10.33)  < 0.001
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Genome‑Wide Association Study, Meta‑analysis 
in MVP, and Comparison Cohort

GWAS was performed as a logistic regression testing 
imputed dosages for association with chronic balance under 
an additive model using REGENIE v2.2 [30], including the 
first 10 principal components of genotype, sex, and age as 
covariates. GWAS was analyzed separately on each of the 
three ancestries (EU, AA, and LA), with 913,319 SNPs fil-
tered at MAF > 0.01, INFO > 0.60, and HWE > 1 × 10−15. 
GWAS was calculated for two related phenotypes: two diag-
noses ≥ 90 days apart on each ancestry—EU, AA, and LA 
ancestries (N = 427,959, cases = 55,404, controls = 372,555) 
and ≥ 180 days apart (N = 417,230, cases = 50,339, con-
trols = 366,00). Since sample sizes including participants ≥ 
50 years of age were sufficient only for EU, we then per-
formed GWAS separately on this subset.

REGENIE runs as a 2-step process as described [30]. 
Step One consisted of analysis of MVP genotype array data 
only, where SNPs are partitioned into consecutive blocks 
consisting of 219 MB, with ridge regression predictions gen-
erated from each block. Predictions are then combined in a 
second ridge regression procedure and decomposed into sep-
arate chromosomes for leave-one-chromosome-out (LOCO) 
analysis. These LOCO predictions then became covariates in 
Step Two. In Step Two, Release 4 imputed data was used for 
cross validation. Firth logistic regression and saddle point 
approximation were used for this binary trait.

Summary statistics were combined in meta-analysis 
using METAL [31]. Results of each study were weighted 
proportional to the square root of each study’s sample size. 
A total of 17,735,101 variants remained after filtering with 
INFO > 0.6, MAF ≥ 0.01, and inconsistent allele labels and 
strands adjusted or removed. Cochran’s Q-test was imple-
mented for each SNP.

Cohen’s D was calculated to ascertain whether there was 
a difference in effect size between the European cohort and 
those over 50 years of age. Comparisons were computed 
for the lead SNP effect sizes in chromosomes 10 and 17, 
using beta for effect sizes, and converting standard error to 
standard deviation corrected for sample size in each cohort.

Quantile-quantile (QQ) plots of expected versus observed 
-log10 p-values included genotyped and imputed SNPs at 
MAF ≥ 1% (Fig. S1). We calculated h2 values on GWAS 
summary data of MVP European participants (N = 303,743) 
with linkage disequilibrium score regression (LDSC) [32]. 
The proportion of inflation of test statistics due to the actual 
polygenic signal (rather than other causes such as popula-
tion stratification) was estimated as 1 - (1 - LDSC intercept 
-1)/(mean observed chi-square - 1), using LD score regres-
sion [32, 33]. For primary analyses, genome-wide signifi-
cance was declared at p-value < 5 × 10−08. Regional associa-
tion plots were generated using LocusZoom with 400 KB 

windows around the index variant with LD patterns cal-
culated based on 1KGP EUR, AMR, or multiple reference 
populations for trans-ancestry analysis [33].

Methods of the Iceland/Finland/UK/US cohort GWAS 
are explained in detail in the original paper [18] and Sup-
plementary Methods. For the Iceland/Finland/UKB/US 
comparison cohort (n = 48,072 and 894,541 controls), rep-
lication was considered significant at p-value < 0.00625, a 
Bonferroni adjustment for the eight significant lead SNPs 
from our GWAS.

The proportion of heritability explained by our GWAS 
was performed with linkage disequilibrium scores (LDSC) 
[34]. Pairwise genetic correlations (rg) between results on 
chronic imbalance, hearing [35], and tinnitus [36] were 
calculated using bivariate LDSC regression, with publicly 
available GWAS summary statistics. LDSC regressions were 
computed with the Ice/Fin/UKB/US cohort for comparison.

Post‑GWAS Analysis

Case‑Case Genome‑Wide Association Study

Case-case GWAS tests for differences between SNPs of 
two separate disorders, in this study to the Ice/Fin/UKB/US 
cohort, using CC-GWAS in R. Input consists of effect sizes, 
effective N’s for cases and controls, Ps, population statistics 
and heritability for the disorders, and overlap between the 
two cohorts for significant SNPs (p-value = 5.0 × 10−08) [37]. 
Output includes statistically significant effect sizes reflecting 
direction and magnitude of effect, discards false positives, 
and measures genetic distance between the two disorders.

Next, probabilistic colocalization between the GWAS 
associations (EU ancestry only) and expression quantita-
tive trait loci analysis (eQTLs) was performed using fas-
tENLOC to identify genes whose expression may mediate 
the GWAS association [38, 39]. We used the pre-computed 
eQTL annotations for GTEx v8 data from the fastENLOC 
repository, with SNPs labeled with rsIDs [40]. Approxi-
mately independent LD blocks for European ancestry from 
LDetect were also included as input [41]. fastENLOC was 
run separately on the eQTL data from each of the 49 tissues, 
and regional colocalization probability per eQTL per tissue 
was examined for evidence of colocalization. We used an 
RCP > 0.1 (regional colocalization probabilities) cutoff for 
putative causal gene contributors from the original fastEN-
LOC study.

Fine Mapping

Fine mapping of European GWAS hits was computed with 
a “Sum of Single Effects” (susieR) for summary statistics 
model using default settings in R [42]. susieR v0.12.27 is a 
Bayesian method to assess uncertainty in which variables are 
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selected, involving highly correlated variables [43]. Origi-
nally formulated for linear regression, susieR has been veri-
fied for logistic regression. susieR provides “Credible Sets” 
(CS) of variables which include relevant rsIDs of SNPs and 
a posterior inclusion probability (PIP) set at 0.95 for each 
variable based on effect sizes and linkage disequilibrium 
(LD) between SNPs. Minimum LD is 0.5 within each CS, 
and indicates that within each CS, one of the variables has 
a non-zero effect coefficient.

An interval of 2.5 million base-pairs surrounding each 
significant locus was identified. This range was then down-
loaded from EnSembl in Data Slicer using these chromo-
some positions in GrCh38 and ancestries to match our lead 
SNPs from the 1000 genome. For example, since significant 
SNPs for the European cohort were identified in chromo-
somes 10 and 17, the LD matrix was fashioned from 1000 
genomes of CEU individuals. Plink2 was used to convert 
the.vcf file to plink binary, then linkage disequilibrium 
matrices were fashioned for use in susieR [42]. A fitted 
regression with summary statistics was fashioned for each 
significant locus, which created credible sets of potentially 
causal variants, based on posterior probability of 0.95, with 
100 iterations and refinement of the model. Increasing the 
iterations did not improve the model.

Functional Mapping and Annotation

Functional mapping and annotation of genetic associations 
(FUMA), version 1.4.2, was examined based on human 
genome assembly GRCh37 (hg19), with default settings 
unless stated otherwise [44]. Gene-based analysis was per-
formed with the FUMA implementation of MAGMA ver-
sion 1.08 [45]. The SNP2Gene module was used to define 
independent genomic risk loci and variants in LD with lead 
SNPs (r2 > 0.6, calculated using ancestry appropriate 1KGP 
reference genotypes). SNPs in risk loci were mapped to pro-
tein coding genes with a 10 kb window.

Functional consequences of SNPs were obtained by 
mapping the SNPs on their chromosomal position and 
reference alleles to databases containing known func-
tional annotations, including ANNOVAR, Combined 
Annotation Dependent Depletion (CADD), RegulomeDB 
(RDB), and chromatin states in brain tissues/cell types 
[46]. Next, eQTL mapping was performed on significant 
(FDR < 0.05) SNP-gene pairs, mapping to GTEx v7 brain 
tissue, RNA-seq data from the CommonMind Consortium, 
and the BRAINEAC database. Chromatin interaction map-
ping was performed using built-in chromatin interaction 
data from the dorsolateral prefrontal cortex, hippocampus 
and neuronal progenitor cell line and adult and fetal cortex 
tissue. An FDR of < 1 × 10−5 defined significant interac-
tions, based on previous recommendations, modified to 
account for the differences in cell lines used here.

Significance of genes was determined with a Bonferroni-
corrected threshold of p-value = 0.05/18,914 protein coding 
genes = 2.644 × 10−06. eQTL gene mapping was included 
using GTEx v8 Brain with 13 tissues. 3D chromatin interac-
tion mapping was performed to capture chromatin confor-
mation with dorsolateral prefrontal cortex and hippocampus 
tissues (HiC GSE87112) [47].

Gene‑Based and Gene Set Analysis with MAGMA

To ascertain specific biological pathways implicated, 
gene-based test statistics were used to perform a competi-
tive set-based analysis of 10,894 pre-defined curated gene 
sets and GO terms obtained from MsigDB using MAGMA 
[45]. Significance of pathways was set at a Bonferroni-
corrected threshold of p-value = 0.05/10,894 = 4.6 × 10−06. 
To test if tissue-specific gene expression was associated 
with dizziness, gene set–based analysis was also used with 
expression data from GTEx v7 RNA-seq and BrainSpan 
RNA-seq, where the expression of genes within specific 
tissues was used to define the gene properties used in the 
gene set analysis model.

Since the above platforms do not include cochleoves-
tibular data, umgear.org [48] was explored for analogs 
to human tissue expression. Homologous genes in mus 
musculus were identified from Table 5 and explored in 
gene sets, i.e., utricular and crista ampullaris tissues. The 
following genes were explored: Mfhas1, Mllt10, Bptf, 
1810010H24Rik (homologue for C17orf58), Kpna2, 
Zfp859 (ZNF91), Skida1, and Gopc. LINC01224 is a pri-
mate-only non-coding RNA and is thus not represented in 
mice. Heat maps for identified genes were fashioned from 
utricular and crista ampullaris P7 studies (GSE172327, 
GSE168901, respectively).

PheWAS was performed using SNPs with the smallest 
p-value from fine mapping at the Atlas of GWAS Summary, 
with significance based on Bonferroni correction for the 
number of phenotypes engaged by each SNP [49].

Results

Demographics

Phenotype inclusions and exclusions are seen in Fig.  1 
and Table S1. Overall case prevalence was 12.06%, with 
case mean age 67.21 ± 11.67 versus control mean age 
61.15 ± 14.45, range (19 to 108), p-value < 2.0 × 10−16. 
Women had a prevalence of 12.48% versus 13.67% for 
men (p-value < 2.0 × 10−16). Those of African ancestry 
were less likely to have a EHR diagnosis of chronic diz-
ziness than those of European or Hispanic ancestry (OR 
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0.728, 95% CI 0.756, 0.700, and OR 0.875, 95% CI 0.841, 
0.909, p-value < 2.0 × 10−16 and 1.97 × 10−10, respectively). 
Chronic imbalance was associated with increased age, 
p-value < 0.001 (Table 1).

The Ice/Fin/UKB/US cohort consisted of 48,072 cases 
and 894,541 controls aggregated from four European cohorts 
[18]. Case rate was reported as 5.10% [18, 50–52].

Heritability and Genetic Correlation of Chronic 
Imbalance with Other Traits

SNP heritability for those of European descent was hs
SNP 

of 0.059 ± 0.0083 on the liability scale, assuming sample 
prevalence of 12% and population prevalence of 30% [4]. 
QQ plots identify a GCλ = 1.127, indicative of inflation of 
the test statistics (Fig. S1). LDSC intercept = 1.027, thus 
polygenic effects account for 94.87% of observed inflation.

LDSC genetic correlation compared genomic imbalance 
results to other cochlear disorders of the inner ear in EU ances-
tries (Table 2). Our phenotype was moderately correlated with 
hearing difficulties, rg = 0.314 ± 0.048 (p-value = 5.77 × 10−11), 
and tinnitus, rg = 0.20 ± 0.8 (p-value = 1.51 × 10−02). The 
Ice/Fin/UKB/US showed similar correlations for hear-
ing, rg = 0.19 ± 0.049 (p-value = 2.0 × 10−4) and tinnitus, 
rg = 0.19 ± 0.049 (p-value = 8.7 × 10−05).

Genome‑Wide Association Study and Replication

Results were not substantially different (rg = 1.00, p-value = 0.0, 
Table 2) between diagnoses 90 days apart and 180 days apart. 
Comparison of GWAS on all Europeans to those of European 
ancestry ≥ 50 years of age yielded similar results, with no sig-
nificant changes in Z-scores of the identified loci on chr 10 and 
17 (data not shown, Cohen’s D = 0.001 for both hits). Lead 
SNPs for EU ≥ 50 were in LD with both GWAS of all EU 
participants and with trans-ancestry GWAS results, with an 
identical lead SNP on chr10. On chromosome 17, rs7221651/
rs4791046 R2 = 0.99 for EU versus EU ≥ 50 years of age. Fur-
ther, results for EU ≥ 50 were similar to GWAS on the entire 
cohort (Fig. S8). Thus, we report the results from the ≥ 180 
days diagnosis and the entire cohort.

GWAS of chronic imbalance on EU ancestry indicated 
two significant loci, lead hits rs10828248 on chromosome 
10 (p-value = 3.17 × 10−08) and rs7221651 on chromosome 
17 (p-value = 3.71 × 10−10) (Fig. 2a and Table 3). GWAS of 
the Hispanic ancestry indicated a novel locus on chromo-
some 6, rs71717606 with p-value = 4.84 × 10−10 (Fig. 2b) 
with no significant hits in the AA ancestry (Fig. 2c). GWAS 
in trans-ancestry analysis identified four significant loci 
(Fig. 2d) at p-value < 5.0 × 10−08, including the two loci 
on chromosomes 10 and 17 identified in the EU GWAS. Ta
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Fig. 2   Manhattan plot of GWAS for each ancestry, with lead SNPs 
indicated in each locus for which p-value < 5.0 × 10−08: a GWAS of 
European cohort (EU). b GWAS of Hispanic ancestry (LA). c GWAS 
of African American ancestry (AA). d Meta-analysis of European, 

African American, and Hispanic populations. The horizontal line 
represents the Bonferroni-adjusted significance threshold p-value 
5 × 10−08. Red dots indicate single-nucleotide variations within the 
significant regional loci (See Supplemental Figs. S5–S12)
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Comparing lead SNPs in chromosomes 10 and 17 between 
trans-ancestry and EU GWAS’ demonstrated moderate to 
high LD. For chr10, R2 of rs12779865/rs10828248 = 0.87 
and for chr17, R2 of rs72631329/rs7221651 = 0.54.

The MVP chronic imbalance phenotype and Ice/Fin/
UKB/US vertigo phenotype demonstrated a genetic cor-
relation of rg = 0.67 ± 0.073, p-value = 5.34 × 10−20 
(Table  2). Despite differences in phenotypes, two loci 
were replicated in the Ice/Fin/UKB/US cohort (Table 3b), 
lead SNPs on chromosome 10, rs12779865/rs10828248 
(p-value = 3.98 × 10−03 and 4.79 × 10−03, respectively) and 
chromosome 19 rs10713223 (p-value = 1.45 × 10−27). Locus-
Zoom plots are in Figs. S2–S9.

Gene set analysis identified seven mapped genes at p-va
lue < 0.05/19,093 = 2.619 × 10−06 for 19,093 protein coding 
genes analyzed (Table 4). For the gene set analysis, two of 
the genes identified in our cohort were replicated in the Ice/
Fin/UKB/US cohort: ZNF19 (p-value = 6.34 × 10−14) and 
MLLT10 (p-value = 1.76 × 10−03) [44].

Case-case GWAS (CC-GWAS) is a method to test for 
genetic differences between allele frequencies of two stud-
ies [37]. Comparison with Ice/Fin/UKB/US indicated a sole 
significant difference in alleles on the chromosome 19 locus 
(Table S2), with lead SNP rs17473980 (p-value = 1.52 × 10−23) 
(data for remainder of CC-GWAS upon request.).

Fine mapping was performed within significant loci using 
summary statistics and an LD matrix from 1000 genomes 
with ancestry-matched values [42]. Figure S10 shows a list 
of “credible sets” with a posterior probability > 0.95 for loci 
identified as significant. For the chromosome 6 sets, fine 
mapping identified SNPs within an intron of ROS1. The sets 
within chromosome 10 are within an intron of MLLT10 and 
in high LD with the lead SNP. In chromosome 17, the five 
identified SNPs are in equilibrium with the lead SNP, thus 
no conclusion as to “cause” can be made; however, they 
are all within introns of BPTF. In chromosome 19, both 
the lead SNP and the two identified SNPs are within a long 
non-coding RNA, LINC01224, in contrast to the Ice/Fin/
UKB/US GWAS, where the lead SNP was within ZNF19. 
This finding is in agreement with CC-GWAS results, which 
indicated a significant difference in alleles within this locus.

Integration with Functional Genomic Data

We examined 54 body tissues for gene enrichment using 
sumstats from the EU GWAS and found that although 
ataxias and Parkinson’s disorders were excluded from the 
phenotype, the cerebellum was nevertheless significantly 
enriched at p-value = 9.4 is 10−04 (Figs. 3a, S2, S3, S6−S8, 
and Tables S4 and S5). When reanalyzed with 3D chromatin 

Table 4   Genome-wide significant genes associated with dizziness in Million Veteran Program

MVP Million Veteran Program, CHR chromosome, Dir Dis/Rep direction of effect between discovery and replication
a Start position in GrCh37 Human Genome Build 19
b Stop position in GrCh37 Human Genome Build 19
c SNPs tested within gene
d Number of variants used to compute the gene-wise statistics
e Significance in replication cohort at p < 6.25E−03 for 8 genes tested

MVP discovery Iceland/Finland/UKB/US replication

ANCESTRY​ GENE CHR Starta Stopb # SNPsc # paramsd p #SNPsc Paramd pe Dir Dis/Rep

TRANS- MFHAS1 8 8,640,864 8,751,155 1016 101 1.14E−06 517 29 0.74379 +-
ANCESTRY​ BPTF 17 65,821,640 65,980,494 832 58 4.84E−08 280 13 0.03156 ++

KPNA2 17 66,031,635 66,042,958 78 20 1.03E−06 39 5 0.33328  ++
ZNF91 19 23,487,793 23,578,362 584 51 4.98E−07 *304 12 6.14E-14  ++
LINC01224 19 23,582,035 23,598,876

EUROPEAN MFHAS1 8 8,640,864 8,751,155 550 28 1.02E−06 517 29 0.74379  ++
MLLT10 10 21,823,094 22,032,559 193 23 1.78E−06 *208 32 0.00176 ++
BPTF 17 65,821,640 65,980,494 305 9 5.04E−10 280 13 0.03156  ++
C17orf58 17 65,987,217 65,989,765 3 1 2.54E−07 3 1 0.02915  ++
KPNA2 17 66,031,635 66,042,958 39 4 6.76E−07 39 5 0.33328  ++
ZNF91 19 23,487,793 23,578,362 329 11 1.58E−06 *304 12 6.14E-14  ++
LINC01224 19 23,582,035 23,598,876

EUR ≥ 50 SKIDA1 10 21,802,407 21,814,611 11 4 1.92E−06 11 5 0.00994  ++
MLLT10 10 21,823,094 22,032,559 193 23 4.97E−07 *208 32 0.00176 ++
BPTF 17 65,821,640 65,980,494 306 9 6.51E−09 280 13 0.03156  ++

HIS GOPC 6 117,639,374 117,923,691 1157 46 2.44E−07 1053 47 0.81116  ++
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interaction mapping based on Hi-C and Chia-PET (Fig. 3b), 
frontal cortex and brain cortex genes became significantly 
over-expressed as well [44, 53]. It should be noted that this 
resource does not include the cochleovestibular organ.

We then looked at functional analysis of lead variants for 
all ancestries (Table S5, and Figs. S2–S9). All significant 
loci contained multiple SNPs with Combined Annotation 
Dependent Depletion (CADD) scores > 12.37 and Regu-
lomeDB scores < 5, indicating that the SNP alteration is 
within the top 7% of deleterious substitutions and the locus 
contains a transcription factor binding site, a DNase peak, 
and/or eQTL [46].

We tested for colocalization between the European GWAS 
associations and eQTLs in 49 tissues assayed by the GTEx 
Project [40]. Regional colocalization probabilities were below 
0.1 for all eQTLs, indicating lack of evidence for gene expres-
sion in the tested tissues mediating the genetic associations 
with chronic imbalance (Fig. 3c). The strongest colocalizations 
were with MIR1915HG (CASC10) in the aorta (RCP = 0.068) 
and MLLT10 in sun-exposed skin (RCP = 0.064), while all 
other eQTLs had RCP < 0.03. Once again, these tissues do 
not include the cochleovestibular system.

In cells specific to the vestibular system examined in the 
murine model, several of the significant genes were over-
expressed (Fig. 4). Particularly, Bptf was expressed in Type 
II hair cells of the utricle, and various cells of the crista amp-
ullaris. C17orf58, an uncharacterized open reading frame, 
has been linked to longevity-promoting transcription factor 
GATA2, which has an effect on extracellular matrix mod-
eling [54]. The fine-mapped genes identified in this study, 
i.e., BPTF, ROS1, and MLLT10, are strongly expressed in 
several tissues of the vestibule [55]. Although ROS1 is not 
represented in this particular single-cell study, it is identified 
in other murine studies, i.e., the vestibular sensory epithelium 
of the P0 mouse and within utricle and vestibular ganglion of 
the P16 mouse [56]. Long non-coding RNAs are not included 
in this dataset and therefore no conclusion can be made.

PheWAS of > 3300 traits and disorders for each signifi-
cant SNP in the fine mapping analysis showed multiple cor-
relations (Fig. S11 and Table S6). From the chr6 rs72965321 
locus, the most significant hit was a correlation with phe-
notypes for skin pigmentation (p-value = 1.87 × 10−05). 
Although it did not maintain significance in colocalization 
with eQTLs, skin pigmentation was noted in association 
with MLLT10. Hippocampus anisotropy in diffusion tract 
imaging (DTI) indicates loss of white matter tracts in the 
hippocampus (p-value = 8.44 × 10−05). The chr10 rs8904565 
hit was significant for multiple areas of the brain, includ-
ing anisotropy of the fornix (p-value = 3.39 × 10−11), poste-
rior limb of the internal capsule (p-value 4.87 × 10−09), left 
accumbens, total brain volume, posterior corona radiata, and 
intra-cranial areas. Chr17 rs7221651 was significant for mul-
tiple impedance measures and other measurements of body 

mass (impedance measurement of trunk fat mass, p-value 
7.05 × 10−30). Chr19 rs612285 showed minimal significance 
for frequent insomnia (p-value 1.40 × 10−04) and menopause 
(p-value 2.89 × 10−04).

Discussion

Good balance requires integration of sensory input from the 
vestibular system, proprioception, and the eye, with transla-
tion to motor output of the eye and body muscles. Vestibular 
dysfunction, as measured by a modified Romberg, increases 
with age, and is abnormal in 35.4% of US adults over 40 years 
[2]. Imbalance carries a 12× increase in the odds of uninten-
tional falling, leading to morbidity and mortality among older 
individuals [57]. Part of the reason for patients’ lack of report 
of true vertigo rather than dizziness or imbalance is related to 
central compensation of vision and proprioception, and these 
systems degenerate with age as well [4].

“Minimal phenotyping” is defined as dependence on 
self-report, i.e., subjective “symptoms” rather than objec-
tive “signs” for case definitions and can degrade the qual-
ity and specificity of GWAS results [58]. Thus, we did not 
include self-report of imbalance or of falls. Further, it has 
been shown that even studies that use a single diagnosis in 
the electronic health record, implying an examination by a 
healthcare provider, can elicit a low sensitivity of 50% and 
specificity of 81%, leading to high rates of false positives 
in subsequent genome-wide association studies (GWAS), 
despite single examination by a clinician [19]. Two diagnoses 
in the EHR at least 6 months apart addressed both chronicity 
and allowed a second examination by a healthcare provider.

The non-specific report of dizziness can lead to a 
myriad of diagnoses, depending on testing and findings, 
including benign paroxysmal positional vertigo (BPPV), 
unilateral vestibulopathy, orthostatic hypotension, low 
vision, proprioceptive impairment, and extrapyramidal 
disorders, among others [57, 58]. Previous genome-wide 
association studies (GWAS) included reports on vestibular 
neuronitis [50] and motion sickness [51]. Benign paroxys-
mal positional vertigo (BPPV) is the most common cause 
of dizziness in the elderly, and whether these diagnoses 
should be included in the phenotype is debatable. It is 
considered to be caused by free-floating debris attached 
to the cupula or within semicircular canals [24]; however, 
the source of the dislodgment of otoconia can occur in 
younger patients and have multiple other etiologies, such 
as traumatic brain injury. In addition, BPPV is treatable 
with repositioning techniques and is thus an intermittent 
disorder [59]. Here, we attempted to focus on chronic-
ity, leading us to perhaps address one of its underlying 
causes, the source of the degeneration. Pathologic studies 
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Fig. 3   Gene enrichment comparing body tissues. a With no chromatin 
enhancement, using the full distribution of SNP p-values, only cerebellum 
shows significant expression. Dotted line denotes significant P corrected 
for 54 tissues. b With 3D chromatin analysis including Hi-C and Chia-
PET interchromatin analysis, other aspects of the brain are enhanced, 

specifically frontal cortex. c Heatmap of gene expression for GWAS loci 
genes in each GTEx v8 tissue. Rows and columns are arranged by hierar-
chical clustering of the transcripts per million (TPM) values
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demonstrate decreases in numbers, volume, and change 
in shape of otoconia during aging, and these irregulari-
ties may result in dislodgment and subsequent intermit-
tent stimulus of the connected semicircular canals; how-
ever, the degeneration itself has not been shown to cause 
vertigo [24]. Previous GWAS have focused specifically 
on the diagnosis of vertigo, whether acute or chronic, 
excluding the complaint of “dizziness,” which although 
it may be vague, may be more apt to capture the elderly 
complaint. In order to focus further on chronic imbalance, 
we excluded acute and intermittent vertiginous syndromes 
(i.e., Meniere’s Disease, benign paroxysmal positional 
vertigo, and acute vestibular neuronitis). To focus on 
the chronic cochleovestibular disorder of aging, we also 
excluded non-vestibular system gait disorders such as Par-
kinson’s and other ataxias. We also eliminated over 25,000 
of those diagnosed with traumatic brain injury (TBI), since 
TBI is a strong predictor of vertigo that is presumed to 
have a separate etiology [60]. We used the ICD diagnosis 
of “dizziness” in an attempt to capture the most common 
complaint of chronic imbalance in the elderly, even though 
that may include some disorders originating outside the 
vestibule.

With the difficulty pinpointing this phenotype and exclud-
ing causes of imbalance outside the vestibular sensory organ, 
i.e., vision and proprioception, diagnoses are subject to mis-
classification. We first compared this study to the GWAS 
investigation that used a diagnosis of true vertigo [18]. 
Correlation between our “dizziness” study and the “ver-
tigo” study was strong and highly significant at rg = 0.67, 
p-value = 5.34 × 10−20, indicating that our “chronic imbal-
ance” phenotype shared common genetic influences with 
other acute vestibular syndromes.

Some of the differences may reflect the removal of acute 
and recurrent causes of vertigo, as the findings in the study of 
vertigo was highly driven by BPPV [18]. To further explore 
the differences in phenotypes, we performed case-case 
GWAS, which compares individual allele differences from 

each study. Based on > 7 million SNPs compared between 
the two studies, the only locus that demonstrated signifi-
cantly different alleles was on chromosome 19. While the 
Ice/Fin/UKB/US study had a strong hit suggesting ZNF91, 
our fine mapping analysis identified a credible set of SNPs 
within nearby LINC01224 [60]. LINC01224 affects the tran-
scription of ZNF91 by regulation of long-range interactions 
between the ZNF91 enhancer and promoter [61]. ZNF91 is 
a transcription factor specifically required to repress SINE-
VNTR-Alu retrotransposons and, interestingly, is primate-
specific [62]. The interplay of regulatory elements in this 
locus is yet to be determined. As further suggestion that 
this is a valid phenotype, this study replicated two of the 
loci in the Ice/Fin/UKB/US study, on chromosome 10 and 
chromosome 19. Thus, while our phenotype may not allow 
interpretation as a strictly vestibular organ description, and 
we cannot rule out other non-vestibular causes for the gen-
eral term of “dizziness,” comparison with another GWAS 
based on vertigo is favorable.

In post-GWAS analysis, we elicited potential causal 
SNPs and genes from significant loci. All lead SNPs and 
significant fine mapping SNPs identified were intronic or 
within a long non-coding RNA [63]. SNPs identified by 
fine mapping include intronic variants in the gene his-
tone lysine methyltransferase DOT1L cofactor (MLLT10) 
within an enhancer region [64]. MLLT10 is expressed in 
the vestibule and the cochlea [48] and is thought to pre-
vent somatic cell reprogramming through regulation of 
DOT1L-mediated H3K79 methylation. A SNP in LD with 
the top hit rs10828248 has been associated with the gen-
esis of meningiomas (R2 = 0.8403, p-value < 0.001) [65].

Fine mapping identified a credible set of intronic SNPs 
in the gene bromodomain PHD finger transcription factor 
(BPTF) in chromosome 17. BPTF is the largest subunit 
of the nucleosome remodeling complex NURF and has 
been implicated in neurodevelopmental disorders, devel-
opmental delay, and autism [66]. While pheWAS identi-
fied predominant associations with body mass rather than 

Fig. 4   Heatmaps of significant genes expressed in single-cell RNA 
studies of M. muscularis created at umgear.org/multigene-curator.
html; a utricle P7. Cells are glial, mesenchymal1, mesenchymal2, 
non-sensory epithelial, oto+ , immune, pericytes, supporting cells, 
Type 1 hair cells, Type 2 hair cells, vascular; b crista ampullaris P7. 

Cells are dark cells, endothelial, erythrocytes, glial, macrophages, 
melanocytes, mesenchymal, non-sensory, supporting cells, hair cells. 
Note: Ros1 was not reported in the utricle. Derived from GSE172327 
and GSE168901, respectively
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a neurological function, this gene is identified in Type I 
and Type II hair cells of the mature mouse utricle in the 
vestibular system in higher abundance than in the cochlea 
(Fig. 4) [48]. PheWAS also demonstrated a high signifi-
cance with skin pigmentation, and BPTF has been identi-
fied in dark cells and melanocytes of the crista ampullaris 
(Fig. 4) in the mouse.

A novel variant in the Hispanic population, rs71717606 
(p-value = 4.84 × 10−10) is an insertion/deletion within an 
intron of the gene Discoidin, CUB, and LCCL domain-con-
taining protein (DCBLD1) on chromosome 6. DCBLD1 is a 
transmembrane receptor involved in vertebrate development 
[67]. The top hit rs71717606 is located in a promoter site 
[64]. In contrast, fine mapping pointed to rs72965321, which 
is in an intron of an adjacent gene ROS1. eQTL analysis in 
FUMA reveals significant expression of ROS1 in the fron-
tal cortex, with significant HiC loops in the hippocampus 
(p-value < 2.3 × 10−11 after Bonferroni correction) [44, 45], 
indicative of enhancer-promoter and promoter-promoter 
interactions within ROS1. ROS1 is expressed solely in the 
vestibular ganglion and has not been identified within the 
vestibular portion of the inner ear [48, 56].

Although our phenotype was crafted to eliminate causes 
of chronic dizziness outside the vestibular organ, neverthe-
less, gene enrichment identified the cerebellum as signifi-
cantly involved. In addition, our GWAS-eQTL colocaliza-
tion analysis using GTEx data did not identify any strong 
hits, and those data did not include expression data from the 
vestibule. However, cochleovestibular animal studies indi-
cate that these genes are all expressed within the vestibule 
or vestibular ganglion. It is possible that further eQTL data 
from vestibular tissue or other relevant cell types could pro-
vide functional insight into the mechanisms underlying the 
genomic signal identified.

Note that this does not preclude expression quantitative 
trait loci in the vestibule as well but adds to the puzzle of 
chronic dizziness in the elderly. The general websites report-
ing functional annotations do not include information on the 
cochlea or vestibule. Thus, one limitation of this study is that 
lack of eQTLs documented within the cochlea or vestibule 
to compare to other body tissues. While there are excel-
lent websites with vestibular and cochlear expression, data 
has not been integrated into other sites with brain or other 
body tissues information, making it difficult to compare 
these important tissues of interest in regard to expression 
data. On the other hand, examination of significant SNPs 
in linkage disequilibrium with lead SNPs points to multiple 
RegulomeDB scores > 5, indicating significant variants with 
a good likelihood of location in a functional region linked to 
expression, i.e., a transcription factor binding site, a DNAase 
footprint or peak, or transcription factor motif.

Besides demonstrating the intimate relationship of the 
vestibule with the cerebellum portion of the finely tuned 

balance system, this finding brings up other limitations of 
using ICDs for phenotyping. Future studies may engage nat-
ural language processing in the EHR to identify balance test-
ing, i.e., Rombergs, VEMP testing, calorics, and others, to 
more objectively quantify balance in the elderly. Impairment 
of vision or proprioception is a sensory deficit that allow for 
mis-signaling emanating from the vestibular system. These 
systems were not addressed in this study.

Other limitations include the predominantly male aspect 
of the MVP cohort. Because of smaller numbers of females, 
leading to limited statistical power, we were unable to per-
form sex-stratified analysis, although sex and age were 
included as covariates. For the same reason, we did not 
include Asian ancestries. Other deficiencies include the 
MVP cohort that has unique battle-related environmental 
exposures that have poorly defined interactions with genetics 
and the aging process.

The use of electronic health records could lead to errors 
of omission for several reasons. First, some of the individu-
als in our study receive medical care outside the VA and sec-
ond, patients with imbalance may perceive it to be normal 
for their age or be concerned with other health problems, 
consistent with a slightly lower prevalence of chronic dizzi-
ness identified in national surveys [2, 57].

Here, we have identified the first loci associated with 
chronic imbalance, including the first significant locus in a 
Hispanic population. Downstream analysis including corre-
lation of eQTL through colocalization [38], CC-GWAS [37], 
fine mapping [42], and associated physiologic and anatomic 
information indicates variants and plausible genes of interest 
related to lead SNPs [68]. We have identified hits containing 
regulatory loci, i.e., MLLT10 and BPTF, a gene identified 
in the vestibular ganglion (ROS1) and a non-coding RNA, 
LINC01224, that may control its downstream gene ZNF19, 
within the same locus. Ascertaining the physiologic/genetic 
architecture in the cochleovestibular system will aid in spe-
cific treatment of imbalance. Drug development can specifi-
cally target genes related to imbalance in the elderly. Those 
individuals with increased numbers of significant genetic 
variants can be identified to be at higher risk for imbalance 
at an earlier stage in order to provide more focused ves-
tibular therapy. Future studies with larger and more gender-
balanced cohorts will augment these results to clarify the 
role of the vestibular system in the genomics of chronic 
imbalance in the elderly.
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