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STUDY DESIGN: Retrospective cohort study with 10 years follow-up.

OBJECTIVE: To compare the risks of sensorineural hearing loss in patients with and without spinal cord injury, based on a nationally
representative sample.

SETTING: Taiwan’s Longitudinal Health Insurance Database 2005.

METHOD: A total of 2006 participants who had been aged between 20 and 69 and who had spinal cord injury as of 2002-06 were
enrolled in the spinal cord injury group. The non-spinal cord injury group consisted of 8024 sex- and age-matched, randomly
sampled participants without spinal cord injury. Then, their sensorineural hearing loss -cumulative incidence curves were generated
using the Kaplan—-Meier method. Stratified Cox proportional-hazard regression was employed to estimate the effect of having spinal
cord injury on patients’ subsequent risk of sensorineural hearing loss.

RESULTS: During the follow-up, 30 patients in the spinal cord injury group and 87 in the non-spinal cord injury group developed
sensorineural hearing loss. As such, the cumulative incidence of sensorineural hearing loss was significantly higher in the spinal
cord injury group than the non-spinal cord injury group (2.16 vs. 1.21 per 1000 person-years, p = 0.008). The adjusted hazard ratio
of sensorineural hearing loss for the spinal cord injury group was 1.75 times that of the non-spinal cord injury group (95% Cl,
1.14-2.68, p = 0.01). The patients with non-cervical SCl appeared to have a higher magnitude of SNHL risk than their cervical SCI

counterparts.

CONCLUSION: Our study showed that patients with spinal cord injury have an increased risk of developing sensorineural

hearing loss.

Spinal Cord (2021) 59:1200-1205; https://doi.org/10.1038/s41393-021-00697-3

INTRODUCTION

Sensorineural hearing loss (SNHL) is the most common type of
hearing impairment that is characterized by damage to the
mechanosensory cells within the cochlea or the auditory nerve.
Previous studies have shown that certain cardiovascular risk
factors, such as diabetes mellitus [1], hypertension [2], dyslipide-
mia [3], and cigarette smoking [4] are linked to an increased risk of
SNHL, and some researchers have therefore postulated that
disrupted vascular blood supply to the inner ear is an important
etiology of SNHL [5].

Spinal cord injury (SCl) is associated with a higher risk of
cardiovascular diseases. In a cross-sectional community health
survey in Canada, for example, SCl was linked to increased odds of
heart disease and stroke [6]. Elsewhere, SCI patients were found to
have higher coronary-artery calcium scores, and therefore a
greater atherosclerotic burden, than their counterparts in a non-
SCl control group [7]. However, to our knowledge, no research has
hitherto been conducted on the relationship between SCI and
SNHL. We therefore carried out this nationwide longitudinal
follow-up study to investigate whether patients with SCI are at a
higher risk of developing SNHL.

MATERIALS AND METHODS

Data source

Taiwan’s National Health Insurance (NHI), established in 1995, is a
compulsory social-insurance program in which ~99% of the country's
citizens are enrolled. The present study drew its data from a subset of the
NHI Research Database, the Longitudinal Health Insurance Database 2005
(LHID2005), which includes 1,000,000 persons systematically sampled from
all NHI enrollees as of 2005. The LHID2005 has been validated as a
representative subset of the NHI Research Database: i.e., there are no
significant differences between its members’ age and sex distributions and
those of the individuals in the complete NHI Research Database (https://
nhird.nhri.org.tw/en/Data_Subsets.html#S3).

Ethics statement

The present study was approved by the Research Ethics Committee of
National Taiwan University Hospital. The approval number is 201912207RIND.
All participants’ data in LHID2005 are encrypted to ensure personal privacy.
Because LHID2005 consists of de-identified data that is released for research
purposes, the requirement for informed consent was waived.

Study participants and design
We conducted a retrospective cohort study to investigate the impact of SCI
on individuals’ subsequent risk of SNHL. As shown in our flowchart of the
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Total records in Longitudinal Health Insurance Database 2005
(N=1,000,000)

l

2,385 patients with at least two ambulatory

visits with a diagnosis of SCI from 2002 to

2006 (20<Age<70)

631,304 patients without SCI from 2002 to
2006 (20=Age<70)

Excluded due to one or both exclusion

criteria (N=373)

® Diagnosed with hearing loss before
index date (N=30)

® Diagnosed with SCI before index date
(N=348)

Excluded (N=6)

®  Missing socioeconomic data

Same exclusion criteria

as SCI group

2,006 patients with newly diagnosed SCI

627,348 patients in non-SCI pool

1:4 matching based on SCI group’s age and sex

!

Final matched

SCI group
(N=2,006)

Fig. 1
and 8,024 in the non-SCI group were included for analysis.

enrollment process for research participants (Fig. 1), the inclusion criteria
for the initial SCI group were: (1) having at least two outpatient records in
LHID2005 showing a diagnosis of SCI (International Classification of
Diseases, 9th Revision, Clinical Modification [ICD-9-CM] codes 806, 952)
dating from January 1, 2002 to December 31, 2006, with the date of the
first diagnosis of SCl in that period being defined as the index date; and (2)
being 20-69 years old on the index date. Based on these criteria, a total of
2385 participants were included in the initial SCI group.

Information about preexisting comorbid conditions was obtained by
retrieving all of each participant's LHID2005 outpatient and inpatient
records that dated from before his/her index visit. We identified seven
comorbidities as potentially affecting the association between SCI and
SNHL: diabetes (ICD-9-CM code 250), dyslipidemia (ICD-9-CM code 272),
hypertension (ICD-9-CM codes 401-405), coronary heart disease (ICD-9-CM
codes 410-414 and 429.2), stroke (ICD-9-CM codes 430-438), chronic
obstructive pulmonary disease (ICD-9-CM codes 491, 492, and 496), and
renal disease (ICD-9-CM codes 580-587). Due to the absence of smoking
status information from the LHID2005 database, chronic obstructive
pulmonary disease was used as a surrogate for smoking exposure [8].
These comorbidities were determined by at least one discharge record or
at least two outpatient visits with the relevant diagnosis code(s) in the 12-
month period prior to the index date.

We represented the study participants’ socioeconomic status using (1)
geographic region of their places of residence, (2) urbanization levels at
those places, and (3) monthly income. The first was obtained from the NHI
registry, and comprised four regions: Northern, Central, Eastern, and
Southern Taiwan. Urbanization was classified into seven levels (with one
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Final matched

non-SCI group
(N=8,024)

The enrollment process of the spinal cord injury (SCI) and non-SCl groups. A total of 2,006 persons in the final matched SCI group

being the most urbanized and seven the least), according to the system
published by the Taiwan National Health Research Institute [9]. However,
because that there were only a few participants resided in places with level
5, 6, or 7 urbanization, these three levels were combined into a single
group, hereafter referred to as level 5. Lastly, monthly insured payroll
amount was used as a proxy for monthly income, and categorized into four
levels: new Taiwan dollar (NT$) 0, NT$1-15,840, NT$15,841-25,000, and
>NT$25,001. We used NT$15,840 as the first cutoff point for income level
because this was the government-stipulated minimum wage for full-time
employees in Taiwan.

Patients were excluded from the SCI group if they met either of the
following criteria: (1) having had a diagnosis of hearing loss (ICD-9-CM
code 389) before the index date (n = 30); or (2) having had a diagnosis of
SCl (ICD-9-CM codes 806, 952) before the index date (n = 348). This was
done to increase the likelihood that the sample consisted of newly
diagnosed SCI patients. After 373 SCI patients were excluded due to above
exclusion criteria, 2012 remained in the SCI group. Then, six SCI patients
were excluded because their records were missing socioeconomic status
information, leaving a final total of 2006 patients in the SCI group for
analysis.

The initial non-SCl group comprised all the remaining participants in
LHID2005 who did not have a diagnosis of SCI during their outpatient visits
from January 2002 to December 2006. The dates of these individuals’ first
outpatient visits during this period were designated as their index dates.
This pool was then limited to participants aged from 20 to 69 years on their
respective index dates, yielding a non-SCl group of 631,304 people. The
following exclusion criteria were then applied: (1) having had a diagnosis
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Table 1. Baseline characteristics of the SCI and non-SCI groups.
Variable SCI group (N Non-SCI group  p value
=2006) (N =8024)

Sex (women), N (%) 1067 (53.2) 4268 (53.2) 1.0000
Age (years), 47.1 (14.2) 47.1 (14.2) 0.9928
mean (SD)
Diabetes (yes), N (%) 231 (11.5) 486 (6.1) <0.0001
Hypertension (yes), 353 (17.6) 999 (12.5) <0.0001
N (%)
Dyslipidemia (yes), 169 (8.4) 372 (4.6) <0.0001
N (%)
Coronary heart 118 (5.9) 302 (3.8) <0.0001
disease (yes), N (%)
Stroke (yes), N (%) 90 (4.5) 152 (1.9) <0.0001
COPD (yes), N (%) 35(1.7) 135 (1.7) 0.8467
Renal disease, N (%) 49 (2.4) 97 (1.2) <0.0001
Monthly income, <0.0001
N (%)

NTSO 422 (21.0) 1817 (22.6)

NT$1-NT$15,840 431 (21.5) 1457 (18.2)

NT$15,841-NT 743 (37.1) 2778 (34.6)

$25,000

=NT$25,001 410 (20.4) 1972 (24.6)
Urbanization level, 0.0323
N (%)

1 (most 889 (44.3) 3846 (47.9)

urbanized)

2 594 (29.6) 2255 (28.1)

3 186 (9.3) 717 (8.9)

4 201 (10.0) 678 (8.5)

5 (least urbanized) 136 (6.8) 528 (6.6)
Geographic region, <0.001
N (%)

Northern 994 (49.6) 4528 (56.4)

Central 470 (23.4) 1501 (18.7)

Southern 500 (24.9) 1868 (23.3)

Eastern 42 (2.1) 127 (1.6)

SCI spinal cord injury, COPD Chronic obstructive pulmonary disease, NTS
New Taiwan Dollar (US$1 = NT$34 in 2002).

of hearing loss (ICD-9-CM code 389) prior to the index date (n =2518), or
(2) having had a diagnosis of SCI (ICD-9-CM codes 806, 952) prior to the
index date (n=>578). Information on comorbid conditions and socio-
economic status was obtained using the same methods described above.
After excluding 867 non-SCl participants who were lacking socioeconomic-
status information, a total of 627,348 participants remained in the non-SCl
pool. We then frequency-matched each SClI patient to four randomly
selected non-SCI participants of the same sex and age, leaving 2006
participants in the final matched SCl group and 8024 in the non-SCI group
for analysis.

Outcomes

Each member of the SCI and non-SCl groups was tracked from the index
date until a new diagnosis of SNHL, his/her death, or the end of 2011
(whichever came first). The occurrence of a new SNHL diagnosis, defined
by at least one hospital discharge or two outpatient visits with a diagnosis
of SNHL (ICD-9-CM code 389.1), was considered the primary outcome in
this study. The date of a person’s withdrawal from the NHI program was
assumed to coincide with his/her death, and the cause of death was
assumed to be the primary diagnosis of his/her last inpatient or outpatient
record in the 3 months preceding death [10].

Statistical analysis

Chi-squared and Student’s t tests were used to examine differences in the
baseline characteristics between the SCl and the non-SCl groups. The
incidence rate was calculated as the number of SNHL patients divided by
the sum of SNHL-free follow-up time (per 1000 person-years). Curves
representing the cumulative incidence of SNHL for the two groups were
generated using the Kaplan-Meier method, and the differences between
these two curves were evaluated using a log-rank test. Cox proportional-
hazard regression analyses were then used to evaluate the association
between SClI and the occurrence of SNHL, with adjustment made for the
participants’ baseline demographic characteristics, socioeconomic status,
and comorbidities. Fisher's exact test was used to compare the distribution of
the types of SNHL between the SCl and the non-SCl groups. A p value < 0.05
was considered statistically significant. All analyses were performed using SAS
9.4 software (SAS Institute, Cary, NC).

RESULTS

Table 1 presents the baseline characteristics of the SCI and non-
SCl groups. Due to our use of frequency matching, the
distributions of sex and age were similar between the two groups,
and the mean age of both groups was 47.1 years. The SClI group
was more likely than the non-SCl one to have certain comorbid
conditions, including diabetes, hypertension, dyslipidemia, cor-
onary heart disease, stroke, and renal disease. There were also
significant differences in the two groups’ distributions of monthly
income, urbanization level, and geographic region.

Table 2. Number of sensorineural hearing loss (SNHL) events and hazard ratios for the spinal cord injury (SCI) and non-SCI groups, and two SCI
subgroups.
SCl subgroup
Variable Non-SCI group SCI group Cervical SCI Non-cervical SCI
(N =8024) (N =2006) (N=572) (N=1434)
SNHL events, N 87 30 7 23

Risk per 1000 person-year (95% Cl)
Crude hazard ratio (95% Cl)
Adjusted hazard ratio (95% ()i

1.21 (0.97-1.49)
1.00
1.00

p < 0.05.

2.16 (1.46-3.09)
1.76 (1.15-2.68)°
1.75 (1.14-2.68)°
SClI spinal cord injury, SNHL sensorineural hearing loss, Cl confidence interval.

1.76 (0.71-3.62)
1.43 (0.66-3.09)
1.39 (0.63-3.03)

2.33 (1.48-3.50)
1.87 (1.18-2.98)%
1.89 (1.18-3.04)%

PAdjusted for sex, age, diabetes, hypertension, dyslipidemia, coronary heart disease, stroke, chronic obstructive pulmonary disease, renal disease, monthly

income, urbanization level, and geographic region of residence.
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Fig. 2 Cumulative incidence of sensorineural hearing loss (SNHL)
for the spinal cord injury (SCI) group (solid line) and the non-SCl
group (dotted line). The incidence rate of SNHL of the SCI group
(2.16 per 1,000 person-years) was higher than that of the non-SCl
group (1.21 per 1,000 person-years, p < 0.01).

Table 3. The distribution of types of sensorineural hearing loss (SNHL)
events in the spinal cord injury (SCI) group and non-SCl group.

Type of SNHL  SCI group (N = non-SCl group (N p value
30) =87)

Bilateral® 2 (6.7) 12 (13.8) 0.2997

Non-bilateral® 28 (93.3) 75 (86.2)

Data are presented as N (%).

SCI Spinal cord injury, SNHL Sensorineural hearing loss.

?Bilateral = ICD-9-CM codes 389.11, 389.12, 389.16, 389.18; Non-bilateral =
ICD-9-CM codes 389.1, 389.10, 389.14, 389.13, 389.15, 389.17.

The median follow-up time was 115.0 months, with an
interquartile range of 22.4 months. The results of Cox analysis
are shown in Table 2. During the follow-up, 30 of the 2006 SCI
patients developed SNHL, as against 87 of the 8024 non-SCI
participants. The SCI group’s risk of SNHL was significantly higher
than the non-SCl group’s (adjusted hazard ratio [HR] = 1.75, 95%
confidence interval [CI], 1.14-2.68, p=0.01). The cumulative
incidence of SNHL of the SCI group (2.16 per 1000 person-years)
was higher than that of the non-SCl group (1.21 per 1000 person-
years, p <0.01) (Fig. 2).

The subgroup analysis of the crude and adjusted HRs of SNHL is
presented in Table 2. The subjects in the SCI group were divided
into two subgroups according to the level of SCI: (1) cervical SC,
and (2) non-cervical SCI. The adjusted HR of SNHL for the cervical
SCl subgroup was 1.39 (95% Cl, 0.63-3.03, p = 0.4133), whereas
the adjusted HR of SNHL for the non-cervical SCI subgroup was
1.89 (95% Cl, 1.18-3.04, p = 0.008). The non-cervical SCI subgroup
appeared to have higher magnitude of SNHL HR than their
cervical SCI counterparts. Table 3 presents the distribution of the
types of SNHL occurred in the SCI and non-SCI groups. The SNHL
cases were classified into two types: (1) bilateral (or asymmetrical)
SNHL, and (2) non-bilateral (or uncategorized) SNHL. Most of the
SNHL events were non-bilateral. There was lack of significant
differences in the two groups’ distributions of SNHL types (Fisher’s
exact test, p =0.2997).

DISCUSSION

Our large-scale longitudinal follow-up study established that its
SClI group had a 1.75-fold higher risk of developing SNHL than its
non-SCl group did. As such, it is the first study of its kind to
demonstrate an increased risk of SNHL in SCI patients. Vascular
pathology affecting the blood supply to the inner ear has been
suggested as an important etiology for SNHL [11]. The vascular
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supply to the cochlea is maintained by the labyrinthine artery, and
collateral vasculature is largely absent; therefore, the cochlea is
highly vulnerable to ischemia-related injury. Thrombosis, embo-
lism, hemorrhage, and vasospasm might all interrupt the inner
ear's blood flow, leading to cochlear injury and dysfunction.
Although the exact mechanism underlying the association
between SCl and SNHL is uncertain, we can propose the following
possible explanations.

Atherosclerosis has been associated with increased risk of
hearing impairment [12]. Dyslipidemia, diabetes mellitus, and
hypertension are well-recognized risk factors of atherosclerosis. It
has also been suggested that SCI patients are prone to metabolic
abnormalities such hyperglycemia and hyperlipidemia [13]. In our
study, SCI patients also had a significantly higher prevalence of
diabetes, hypertension, dyslipidemia, coronary heart disease, and
stroke than the non-SCl participants did (Table 1), suggesting that
the former likely had an increased risk of developing athero-
sclerosis disorders. Moreover, individuals with SClI have been
found to have impaired vascular control [14] and decreased
blood-vessel reactivity [15], which may predispose them to
atherosclerosis and thus, further disruption of vascular supply to
the cochlea. Nevertheless, after controlling for these comorbidities
in our Cox regression analysis, we found that SCI remained an
independent predictor of SNHL development. Therefore, the
association between SCl and SNHL may also be mediated by other
mechanisms.

Previous studies have reported that patients with thrombophilic
risk factors, and especially those with strong family histories of
thromboembolic events, are at a greater risk of developing
sudden SNHL [16, 17]. The three major factors composing
Virchow's triad—i.e, venous stasis, hypercoagulability, and
endothelial injury—increase one’s propensity for thromboembo-
lism. As such, patients with SClI are more likely to have
thromboembolism due to the presence of two major risk factors,
stasis and hypercoagulability [18]; and this leads these individuals
to have significantly higher risk of thromboembolism events, such
as deep-vein thrombosis and pulmonary embolism, than the
general population [19]. Therefore, the higher risk of SNHL in SCI
patients observed in our study might also be explained by SCI-
related thrombophilic states.

It has been reported that SNHL can be associated with various
systemic autoimmune diseases such as rheumatoid arthritis [20],
multiple sclerosis [21], and systemic lupus erythematosus [22]. In
1979, McCabe proposed the term autoimmune SNHL after a
patient with idiopathic bilateral progressive SNHL had been
effectively treated with steroids [23]. Autoimmune SNHL remains a
diagnosis of exclusion, supported by clinical presentation with
bilateral progressive SNHL, and by responsiveness to corticoster-
oid treatment. Autoimmune damage to the inner ear can be
mediated by both humoral and cell-mediated mechanisms. SC|,
meanwhile, has been associated with trauma-induced autoim-
mune reactions: with experimental research showing that it is
related to chronic B lymphocyte activation with increased
synthesis of anti-DNA antibodies [24]. There is also evidence that
autoreactive T lymphocytes are activated after SCI [25, 26].
Therefore, we hypothesize that SCl-related alterations to systemic
immunity may also contribute to SCl patients’ observed higher risk
of developing SNHL.

Previous studies have suggested that cervical spine disorders is
associated with hearing impairment [27]. It has also been reported
that manipulation of the cervical spine may cause damage to the
vertebrobasilar arterial system, resulting in sudden SNHL [28].
However, the subgroup analysis showed that the magnitude of
hazard ratio for SNHL was not higher in the cervical SCI subgroup
(Table 2). Accordingly, the association between SCl and SNHL seen
in our study may be less likely to be directly caused by local
cervical spine injury. We therefore speculate that SCl-related
systemic effects (e.g., atherosclerosis, thrombophilic states, and
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alterations in systemic immunity) may play roles in the link
between SCl and SNHL.

The majority of SNHL cases are unilateral, and bilateral
condition is rare [29]. In our study, we also found most of the
SNHL cases were non-bilateral in both the SCI and non-SCI groups
(Table 3), and there was no significant difference in these two
groups’ distribution of SNHL types. It is common for SCI patients to
suffer from balance problems, gait disturbances, and fall related
injuries [30]. Previous research also suggests that hearing loss is
associated with postural instability [31]. Therefore, SNHL super-
imposed on SCI may synergistically increase the risk of falling in
patients with SCI. Moreover, hearing impairment is associated with
reduced quality of life and impaired activity of daily living [32].
Therefore, our findings suggest that healthcare professionals need
to be vigilant about the increased risk of SNHL after SCl, and to
educate SCl patients about this potential risk. If SNHL occurs,
medical services such as hearing aids, assistive listening devices,
and auditory rehabilitation, should be provided. Such interven-
tions may have a positive impact on the quality of life, and may
possibly reduce the risk of falls.

In the present study, there was significant differences in
socioeconomic variables (e.g., urbanization level) between the
SCl and non-SCl groups (Table 1). The SCI group appeared to have
a slightly higher proportion of patients living in less urbanized
areas (i.e., urbanization level 2, 3, 4, and 5) than the non-SCI group.
Lien et al. examined the association between socioeconomic
factors and the incidence of SCl in Taiwan [33], and found that
urbanization was associated with lower occurrence of SCl, possibly
due to improvements in transportation infrastructure and
accessibility of public transportation in urban areas [33].

Our findings suggest that there is a temporal association
between SCl and SNHL. The key strength of the present study is its
use of a nationally representative database with longitudinal
follow-up, which increases the generalizability of its results.
Nevertheless, several limitations of this research should be
acknowledged. First, the diagnoses of SCl, SNHL, and medical
comorbidities in the present study were determined using ICD-9-
CM codes in the LHID2005 database, which may prompt concerns
about the accuracy of the diagnosis. However, medical experts on
the NHI Bureau's professional peer review committee have
reviewed randomly sampled medical records from each hospital
to validate the recorded diagnoses, as well as the quality of care.
Therefore, the NHI database is highly regarded as a source of
research data by scholars in various biomedical fields [34]. Second,
due to the limitation of the LHID2005 database, there is lack of
information regarding the severity of SCl (e.g., American Spinal
Injury Association Impairment Scale) and SNHL. Therefore, the
relationship between the severity of SCl and the risk of SNHL could
not be assessed in this study. Third, information about some
potential lifestyle risk factors for SNHL, such as smoking and
alcohol consumption, was not available in the LHID2005 and not
included in our analyses, apart from our use of COPD as a
surrogate for smoking. It is therefore possible that residual
confounding may have been present.

CONCLUSION

The present study has shown that SCl patients were at an
increased long-term risk of developing SNHL, and that the
magnitude of this extra SNHL risk appears to be higher in patients
with non-cervical SCl. Further studies should explore the
mechanism(s) underlying this association.

DATA AVAILABILITY

The datasets generated during and/or analyzed during the current study are not
publicly available due to person’s health information privacy but are available from
the corresponding author on reasonable request.
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