doi:10.1093/brain/aws317 Brain 2013: 136; 194-208 | 194

BRAIN

A JOURNAL OF NEUROLOGY

Auditory analysis of xeroderma pigmentosum
1971-2012: hearing function, sun sensitivity and
DNA repair predict neurological degeneration
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To assess the role of DNA repair in maintenance of hearing function and neurological integrity, we examined hearing status,
neurological function, DNA repair complementation group and history of acute burning on minimal sun exposure in all patients
with xeroderma pigmentosum, who had at least one complete audiogram, examined at the National Institutes of Health from
1971 to 2012. Seventy-nine patients, aged 1-61 years, were diagnosed with xeroderma pigmentosum (n=77) or xeroderma
pigmentosum/Cockayne syndrome (n = 2). A total of 178 audiograms were included. Clinically significant hearing loss (>20 dB)
was present in 23 (29%) of 79 patients. Of the 17 patients with xeroderma pigmentosum-type neurological degeneration,
13 (76%) developed hearing loss, and all 17 were in complementation groups xeroderma pigmentosum type A or type D and
reported acute burning on minimal sun exposure. Acute burning on minimal sun exposure without xeroderma pigmentosum-type
neurological degeneration was present in 18% of the patients (10/55). Temporal bone histology in a patient with severe
xeroderma pigmentosum-type neurological degeneration revealed marked atrophy of the cochlear sensory epithelium and
neurons. The 19-year mean age of detection of clinically significant hearing loss in the patients with xeroderma pigmentosum
with xeroderma pigmentosum-type neurological degeneration was 54 years younger than that predicted by international norms.
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The four frequency (0.5/1/2/4 kHz) pure-tone average correlated with degree of neurodegeneration (P < 0.001). In patients with
xeroderma pigmentosum, aged 4-30 years, a four-frequency pure-tone average >10dB hearing loss was associated with a
39-fold increased risk (P = 0.002) of having xeroderma pigmentosum-type neurological degeneration. Severity of hearing loss
parallels neurological decline in patients with xeroderma pigmentosum-type neurological degeneration. Audiometric findings,
complementation group, acute burning on minimal sun exposure and age were important predictors of xeroderma
pigmentosum-type neurological degeneration. These results provide evidence that DNA repair is critical in maintaining neuro-

logical integrity of the auditory system.

Keywords: xeroderma pigmentosum; sensorineural hearing loss; neurodegeneration; photosensitivity; DNA repair

Abbreviations: XP-A-G = xeroderma pigmentosum complementation groups A-G; 3F-PTA = three-frequency (0.5/1/2 kHz)
pure-tone average; 4F-PTA = four-frequency (0.5/1/2/4-kHz) pure-tone average; dBHL = decibels hearing level; HL = hearing loss

Introduction

Patients with xeroderma pigmentosum, a rare autosomal recessive
disorder of DNA repair and premature ageing, demonstrate lenti-
ginous skin pigmentation, photosensitivity and a >10000-fold
increased risk of ultraviolet radiation-induced skin cancer
(Robbins et al., 1974; Kraemer et al., 1987; Anttinen et al.,
2008; Bradford et al., 2011). Although all patients with xeroderma
pigmentosum are sensitive to ultraviolet radiation damage, only a
portion experience acute burning on minimal sun exposure after
only a few minutes in direct sunlight. A subset of patients with
xeroderma pigmentosum develops progressive neurological degen-
eration with features of premature ageing and hearing loss
(Robbins et al., 1974, 1991, 2002; Kenyon et al., 1985;
Kraemer et al., 1987, 2007; Mamada et al., 1988; Nishigori
et al.,, 1994; Rapin et al., 2000; Lindenbaum et al., 2001;
Anttinen et al., 2008; Bradford et al., 2011). DNA damage
induced by oxidative metabolism is thought to contribute to the
progressive loss of non-dividing neurons in the brain (Brooks et al.,
2008). Death typically occurs in the third or fourth decades of life
in patients with xeroderma pigmentosum with neurodegeneration
(Bradford et al., 2011).

Xeroderma pigmentosum is a heterogeneous disease associated
with several different defects in DNA repair. There are seven
complementation pigmentosum  (XP)-A
through to XP-G, with defects in nucleotide excision repair
(Robbins et al., 1974; Kraemer et al., 2007; Bradford et al.,
2011; DiGiovanna and Kraemer 2012). Patients with xeroderma
pigmentosum variant have defects in DNA polymerase eta
involved in translesional DNA synthesis. Patients with neurodegen-
eration have mutations in XP-A, XP-B, XP-D, XP-F or XP-G.
However, not all patients with mutations in these genes develop
neurodegeneration, making prediction of neurological disease clin-
ically difficult.

We investigated the role of DNA repair in the maintenance of
auditory and neurological integrity by examining hearing status,
complementation group, neurological function and burning

groups, xeroderma

phenotype in patients with xeroderma pigmentosum seen at the
National Institutes of Health between 1971 and 2012. A second-
ary goal was to develop a model for predicting neurodegeneration
in patients with xeroderma pigmentosum.

Materials and methods

Patients

We conducted a retrospective follow-up study of 84 patients with
xeroderma pigmentosum examined at the National Institutes of
Health, from 1971 to 2012, who had audiometric data available.
Patients were referred to the National Institutes of Health Clinical
Centre by outside health care professionals and were enrolled into
protocols approved by the National Cancer Institute Institutional
Review Board. Written informed consent was obtained from each par-
ticipant or parents of minor participants. All patients were evaluated by
National Cancer Institute dermatologists (J.J.D. and/or K.H.K.) and
met clinical criteria for diagnosis of xeroderma pigmentosum or xero-
derma pigmentosum/Cockayne syndrome complex, as previously
described (Robbins et al., 1974; Kraemer et al., 1987, 2007; Rapin
et al., 2000; Lindenbaum et al., 2001). Xeroderma pigmentosum com-
plementation groups and mutations in the xeroderma pigmentosum
variant gene were determined using cell fusion, host cell reactivation,
western blotting or DNA sequencing (Bradford et al., 2011). Patient
data were collected from medical records at the National Institutes of
Health Clinical Centre, from records of outside institutions, research
records at the National Cancer Institute, previous publications
(Bradford et al., 2011) and personal correspondence.

End points

Audiometric analysis

All patients who had an audiometric examination between 1 January
1971 and 18 January 2012 were included in the study. Of the 183
audiograms collected, those with unreliable (poor agreement between
speech and pure tones thresholds, notation of minimum response
levels instead of actual thresholds, or notation of fair or poor test
reliability by the examining audiologist or incomplete audiometric
data (tympanometry and/or otoacoustic emissions only) (n=5) were
excluded, resulting in 178 audiograms from 79 patients with xero-
derma pigmentosum. Eighty per cent (143/178) of audiometric assess-
ments were conducted at the National Institutes of Health Clinical
Centre. We obtained outside audiometric records for review and
included these (35 additional audiograms) in our analysis only if the
examining audiologist rated reliability as good. To examine the hearing
phenotype directly attributable to xeroderma pigmentosum, ears with
a history of otological surgery other than myringotomy tube placement
(n=1) were excluded from analysis.
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Audiological evaluations at the National Institutes of Health
included, when possible, pure-tone air-conduction (0.25-8kHz) and
bone-conduction (0.25-4kHz) thresholds and speech audiometry
using clinical audiometers in double-walled sound suites that met
American National Standards Institute criteria (ANSI, 2003, 2004).
Masking was used for air and bone conduction testing when appro-
priate to ensure ear-specific results. Multiple audiograms were avail-
able for 34 patients. Duration of audiometric monitoring ranged from
a single test (n = 45) to a 39-year period (n = 1). For each subject, we
defined the reference audiogram as the most recent complete
audiogram.

Type of hearing loss was classified as conductive, sensorineural or
mixed based on the three-frequency (0.5/1/2 kHz) pure-tone averages
(3F-PTA) for air- and bone-conduction, based on criteria adapted
from Mazzoli et al. (2003) and King et al. (2007). When the
bone-conduction 3F-PTA was <20dBHL and the air-bone gap was
>10dB, the hearing loss was classified as conductive. When the
bone-conduction 3F-PTA was >20dBHL and the air-bone gap was
<10dB, the hearing loss was classified as sensorineural. When the
bone-conduction 3F-PTA was >20dBHL and the air-bone gap was
>10dB, the hearing loss was classified as mixed. When
bone-conduction was not tested, hearing loss was classified as sensori-
neural, but only if tympanometry was normal (Margolis and Heller,
1987), and acoustic stapedial reflexes were present at levels commen-
surate with the degree of hearing loss (Gelfand et al., 1990). Hearing
loss type was classified as unknown when there were insufficient
audiological data to categorize the hearing loss as sensorineural,
mixed or conductive. Degree of hearing loss was determined using
the four-frequency (0.5/1/2/4kHz) pure-tone averages (4F-PTA) for
air-conduction, or in the absence of pure-tone thresholds, degree was
based on the speech reception threshold (n = 13). Classifications were
as follows: <20dBHL = normal hearing; >20-40dBHL = mild hearing
loss; >40-70dBHL = moderate hearing loss; >70-95dBHL = severe
hearing loss; and >95 dBHL = profound hearing loss. Pure-tone hear-
ing sensitivity for singe frequencies and the 4F-PTA was analysed using
age- and gender-specific reference ranges for hearing levels from a
large population of otologically screened adults reported in Interna-
tional Organization for Standardization (ISO) 7029 (International Stan-
dard Organization, 2000). Sensory thresholds of the worse hearing ear
were determined from bone-conduction thresholds or from
air-conduction thresholds, in cases where bone-conduction was not
tested and both tympanometry and acoustic reflexes were normal.
The sensory thresholds were compared with and plotted against the
5th, 50th and 95th percentile of combined male and female
age-matched 1SO 7029 data.

Neurological status

Neurological involvement was ranked using the scale of xeroderma
pigmentosum-type neurological degeneration developed by Nishigori
et al. (1994). The following rankings were assigned at every time point
the patient underwent neurological evaluation: O = no neurological in-
volvement; —1 = mild mental retardation (IQ > 50), only hyporeflexia;
—2 = gait disturbance because of spasticity or ataxia, moderate mental
retardation (IQ < 50); —3 =severe mental retardation, and cannot
walk, cannot speak and bed resting. If neurological evaluation was
not completed at the time of audiometric testing, neurological ranking
was assigned from the assessment closest to the date of audiometric
evaluation. Patients with neurological involvement atypical of that
observed in xeroderma  pigmentosum were classified as
non-xeroderma pigmentosum-type neurological involvement.

M. B. Totonchy et al.

Burning phenotype, skin cancer and other clinical data

Acute burning on minimal sun exposure and other clinical data includ-
ing presence of skin cancer were based on clinical history, a standard
questionnaire administered at the time of the initial National Institutes
of Health visit (Kraemer et al., 1994), medical records (including
pathology reports of skin and other cancers), patient photographs,
imaging reports, research records and published reports (Bradford
et al., 2011).

Temporal bone histopathology

Post-mortem temporal bones of an XP-A patient (Patient XP12BE)
with  neurological disease who died of her progressive
neurodegeneration (Ramkumar et al., 2011) were sent to the
Otopathology Laboratory at the Massachusetts Eye and Ear
Infirmary and Harvard Medical School for histopathological analysis
(S.N.M. and J.B.N.).

Statistical analyses

Prism 5.03 GraphPad Software was used for statistical analysis.
ANOVA was used to compare the 4F-PTA by degree of neurodegen-
eration for those patients with xeroderma pigmentosum with neuro-
degeneration. Fischer's exact test was used to determine the odds ratio
for developing xeroderma pigmentosum-type neurological degener-
ation. Results with P < 0.05 were considered significant. All statistical
tests were two-sided, and the 95% confidence interval was calculated
for each test.

Comparison of hearing thresholds over time between the ISO 7029
control patients, xeroderma pigmentosum-type neurological degener-
ation and the xeroderma pigmentosum without neurological involve-
ment groups was based on regression analyses derived from
audiometric thresholds of the worse-hearing ear from the reference
audiogram at each of the individual frequencies (0.5/1/2/4/8 kHz).
Patients with non-xeroderma pigmentosum-type neurological involve-
ment were not included in the analysis based on the heterogeneity of
their neurological disease.

Linear regressions predicting hearing threshold by age were calcu-
lated for the xeroderma pigmentosum-type neurological degeneration
and xeroderma pigmentosum without neurological involvement
groups. One audiogram per patient (the earliest complete audiogram)
was used to determine a cross-sectional relationship between age and
hearing threshold. Chow tests taking into account the combination of
the slope and intercept of these regression lines were used to compare
these data against the 1ISO 7029 50th percentile line of hearing thresh-
old by age. To correct for multiple comparisons, the P-value threshold
of 0.05 was divided by 18, yielding a criterion of 0.002 for signifi-
cance. The 95th percentile prediction interval was calculated for each
patient group.

Results
Study demographics

Seventy-seven patients, aged 1-61 years, were diagnosed with
xeroderma pigmentosum and two with xeroderma pigmento-
sum/Cockayne syndrome complex (Table 1). Females comprised
57% (45/79) of the patients. Clinically significant hearing loss
(4F-PTA >20dBHL) was present in 29% (23/79 patients).
Acute burning on minimal sun exposure was identified in 40%
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Table 1 Patients with xeroderma pigmentosum and xeroderma pigmentosum/Cockayne syndrome studied at the National

Institutes of Health, from 1971 to 2012

Total Gender Race/ethnicity
Male Female NHW AA HW Asian Other

Total 79 34 45 57 13 4 3 2
Age at most recent complete audiogram (years)

Median 17 15 19 20 17 7 15 13

Range 1-61 4-61 1-57 1-61 4-57 4-36 8-21 13-13
Audiometric data

Number of audiograms 178 69 109 144 24 4 4 2

Clinically significant hearing loss (n)* 23 8 15 19 4 0 0 0
Neurological phenotype

XP-type neurodegeneration present” 17 7 10 15 2 0 0 0

No neurodegeneration 55 24 31 39 8 4 3 1

Non-XP neurological involvement® 7 3 4 3 3 0 0 1
Burning phenotype

Acute burning on minimal sun exposure 32 19 13 25 5 0 1 1

Does not burn on minimal sun exposure 47 15 32 32 8 4 2 1
Complementation group

XP-A 9 3 6 6 2 0 1 0

XP-B¢ 1 0 1 1 0 0 0 0

XP-C 38 20 18 24 7 4 2 1

XP-D 17 7 10 15 1 0 0 1

XP-E 2 0 2 2 0 0 0 0

XP-G°® 2 1 1 1 1 0 0 0

Variant 5 2 3 5 0 0 0 0

Unknown' 5 1 4 3 2 0 0 0
Skin cancer?

Yes 58 24 34 42 6 3 3 1

No 21 10 11 14 5 1 0 1

a Clinically significant hearing loss defined as 4F-PTA (0.5/1/2/4kHz) >20dB sensorineural hearing loss.

b Nishigori et al. (1994).
¢ Khan et al. (2009).

d Xeroderma pigmentosum/Cockayne syndrome (Patient XP11BE) Robbins et al. (1974).

e One patient is an African American male with a mutation in the XP-G gene and is phenotypically xeroderma pigmentosum/Cockayne syndrome (Patient XP218BE).
f Five patients were tested for complementation groups, and they did not have A, B, C, D, E, F, G, ERCC1 or variant defects.

AA = African American; HW = Hispanic white; NHW = non-Hispanic white; XP = xeroderma pigmentosum.

(32/79). Of those reporting acute burning on minimal sun expos-
ure, 25 were non-Hispanic whites, five were African American,
one was Asian and one was of other ethnicity. Skin cancer
(basal cell carcinoma, squamous cell carcinoma or melanoma)
was diagnosed in 73% (58/79) of the patients by the time of
the reference audiogram. Three patients had otitis media at a
single audiometric test session, none of which were at the time
of the most recent complete (reference) audiogram.

DNA repair complementation group was determined for 74 of
the patients. The most common complementation group was
XP-C (48%, n =38), followed by XP-D (22%, n=17) (Table 1).
No patients with mutations in XP-F (Imoto et al., 2005) were
examined at the National Institutes of Health, but previous studies
have shown defects in these genes in patients with xeroderma
pigmentosum and late onset neurological degeneration. Cells
from five patients could not be assigned to a known complemen-
tation group and may have defects in genes not yet identified
(Bradford et al., 2011).

Neurodegeneration and hearing
status analysis

Although most patients (70%, n = 55) had no neurological symp-
toms, 21% (n=17) had xeroderma pigmentosum-type neuro-
logical degeneration (Table 1). Non-xeroderma pigmentosum
type neurological involvement was present in seven patients
(9%). Neurological involvement in this group included xeroderma
pigmentosum/Cockayne syndrome complex, foetal alcohol syn-
drome, chromosomal abnormalities, neonatal streptococcal menin-
gitis, enlarged ventricles and one patient of unknown cause.
Overall, 71% (n=56) of patients had normal hearing, 23%
(n = 18) had sensorineural hearing loss, 1% (n = 1) had conductive
hearing loss and 5% (n=4) had hearing loss of unknown type
(Table 2). Of those patients with xeroderma pigmentosum without
neurological involvement, 89% (n=49) had normal hearing,
whereas only 11% (n=6) had hearing loss. In contrast, 76%
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Table 2 Hearing loss in patients with xeroderma pigmentosum by neurological status

Clinically significant hearing loss type® No neurological

XP-type neurological

Non-XP type neurological Total patient

involvement involvement involvement population

(n=55) (%) (n=17) (%) (n=7) (%) (n=79) (%)
Sensorineural hearing loss 5 (9) 9 (53) 4 (57) 18 (23)
Conductive 1Q) 0 (0) 0 (0) 1(1)
Hearing loss, type unknown 0 (0) 4 (23.5) 0 (0) 4 (5)
Normal 49 (89) 4 (23.5) 3 (43) 56 (71)

a Clinically significant hearing loss defined as 4F-PTA (0.5/1/2/4 kHz) >20dBHL.

Neurological status was determined in accordance with Nishigori et al. (1994).
XP = xeroderma pigmentosum.

507 p=79 patients Normal
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E3 Conductive
p [ Hearing loss, unknown type
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Complementation Group

Figure 1 Type of hearing loss by complementation group in
patients with xeroderma pigmentosum seen at the National
Institutes of Health from 1971 to 2012. Type of hearing loss is
based on thresholds (dBHL) in the worse hearing ear at reference
audiogram. XP/CS = xeroderma pigmentosum/Cockayne syn-
drome; SNHL = sensorineural hearing loss.

(n=13) of patients in the xeroderma pigmentosum-type neuro-
logical degeneration group had hearing loss, including nine with
sensorineural hearing loss and four with an unknown type of
hearing loss.

Patients with complementation group XP-C had the greatest
proportion of normal hearing (89%, n=34), consistent with
their predominance in the no neurological involvement group
(Fig. 1). All of the patients with xeroderma pigmentosum-type
neurological degeneration were in complementation groups XP-A
or XP-D. These complementation groups had the highest propor-
tion of patients with hearing loss at 44% (n =4) and 53% (n=9),
respectively (Fig. 1).

Longitudinal audiograms for five patients with xeroderma
pigmentosum-type neurological degeneration are shown in
Fig. 2B-F. Compared with the ISO normative data (Fig. 2A),
these patients showed substantially poorer hearing thresholds
with a significantly greater decline in hearing associated with a
concomitant decline in neurological status. Patient XP1BE did not
have neurological involvement, and her hearing thresholds were
within clinical and/or age-based normal limits (Robbins et al.,
2002) (Fig. 2G). Patient XP21BE (XP-C) was the child of a close
consanguineous mating. She had a mild-to-severe sensorineural
hearing loss as early as age 5 years, with progression to a
severe to profound hearing loss by age 30 years, thought to be
the result of a separate and distinct genetic abnormality (Khan
et al., 2009) (Fig. 2H). She had non-xeroderma pigmentosum-
type neurological involvement with hearing loss at a younger
age, and less rapid progression than that observed in patients
with xeroderma pigmentosum-type neurological degeneration. In
the 17 patients with xeroderma pigmentosum-type neurological
degeneration (Table 3), ANOVA testing showed that 4F-PTA
was different based on the degree of neurodegeneration
(P < 0.001). The results showed that more severe neurodegenera-
tion was associated with higher 4F-PTA.

Similar hearing patterns existed between better and worse hear-
ing ears for all participants, with no gross asymmetries between
type and degree (data not shown). Figure 3 shows the 4F-PTA in
the worse ear for patients with xeroderma pigmentosum-type
neurological degeneration, xeroderma pigmentosum without
neurological involvement and non-xeroderma pigmentosum-type
neurological involvement. Most patients with xeroderma
pigmentosum-type neurological degeneration demonstrate a sig-
nificant hearing impairment as compared with the normal popu-
lation (Fig. 3A). All patients with xeroderma pigmentosum-type
neurological degeneration developed clinically significant hearing
loss by age 24 years, except for four patients who were aged <16
years, and one profoundly hearing impaired patient who was not
tested at the National Institutes of Health until age 42 years. The
mean age of documented onset of clinically significant hearing loss
for patients with xeroderma pigmentosum-type neurological de-
generation was 19 years. This onset was ~54 years younger than
the predicted 73 years for the general population (Fig. 3A).

Eighty-nine per cent (49/55) of patients with xeroderma pig-
mentosum without neurological involvement had normal hearing
(Fig. 3B), with 4F-PTAs falling between the 50th and 95th
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Figure 2 Longitudinal pure-tone air-conduction audiograms and degree of neurological involvement for individual patients with xero-
derma pigmentosum. Individual patient thresholds for the worse hearing ear. Neurological status is colour coded: blue = no neurological
involvement; green = mild mental retardation (IQ > 50), only hyporeflexia; purple = gait disturbance because of spasticity or ataxia,
moderate mental retardation (IQ < 50); red = severe mental retardation, cannot walk, cannot speak and/or bed resting;

orange = non-xeroderma pigmentosum-type neurological involvement [modified from Nishigori et al. (1994)]. (A) Age-based normative
thresholds derived from combined male and female subject data from ISO 7029. (B) Patient XP12BE, XP-A with xeroderma
pigmentosum-type neurological degeneration. (C) Patient XP19BE, XP-A with xeroderma pigmentosum-type neurological degeneration.
(D) Patient XP33BE, XP-D with xeroderma pigmentosum-type neurological degeneration. (E) Patient XP29BE, XP-D with xeroderma
pigmentosum-type neurological degeneration. (F) Patient XP18BE, XP-D with xeroderma pigmentosum-type neurological degeneration.
(G) Patient XP-1BE, XP-C, xeroderma pigmentosum without neurological involvement (NI). (H) Patient XP21BE, XP-C with
non-xeroderma pigmentosum type neurological involvement. HL = hearing loss; XP = xeroderma pigmentosum; XPND = xeroderma
pigmentosum-type neurological degeneration.
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Table 3 Neurological status of patients with xeroderma pigmentosum

Complementation group  No neurological

Xeroderma pigmentosum neurological involvement?

Non-XP neurological  Total

involvement Mild Moderate Severe involvement
A 2 2 1 3 1 9
B 0 0 0 0 1 1
C 36 0 0 0 2 38
D 5 4 2 5 1 17
E 2 0 0 0 0 2
G 1 0 0 0 1 2
XP-variant 5 0 0 0 0 5)
Unknown 4 0 0 0 1 D)
Total 55 6 3 8 7 79

a Modified from Nishigori et al. (1994) (Fig. 2).
XP = xeroderma pigmentosum.

percentiles of the normal distribution. Two XP-C patients, who are
cousins, had documented noise exposure as a result of farm ma-
chinery and had exhibited sensorineural hearing loss above the
95th percentile. In the remaining patients with sensorineural hear-
ing loss and no neurological involvement, the hearing loss de-
veloped after 49 years of age. Sixty-five per cent (36/55) of
patients with xeroderma pigmentosum without neurological in-
volvement were in complementation group XP-C (Fig. 3B). For
the six patients without neurological involvement who demon-
strated clinically significant hearing loss, the average age at refer-
ence audiogram was 52 years, whereas the average age of the 13
patients with xeroderma pigmentosum-type neurological degener-
ation and clinically significant hearing loss was 26 years. These are
both substantially lower than the average age (73 years) of de-
veloping clinically significant hearing loss calculated from the
ISO-7029 normal data. Unlike the other two groups, the group
with non-xeroderma pigmentosum-type neurological involvement
had no distinct pattern of hearing loss (Fig. 3C).

Pure-tone hearing thresholds were similar within each xero-
derma pigmentosum group (xeroderma pigmentosum-type
neurological degeneration, no neurological involvement and
non-xeroderma pigmentosum-type neurological involvement);
however, a distinct difference in the degree of hearing thresholds
between the neurological versus the non-neurological xeroderma
pigmentosum groups (Fig. 4A-E) was observed. This finding is
independent of the frequency tested with the largest disparity in
pure-tone hearing between xeroderma pigmentosum neurological
groups occurring at 8kHz for the younger age groups. Regression
analysis (Fig. 5) demonstrates both a greater degree and
more rapid progression of hearing loss in the xeroderma
pigmentosum-type neurological degeneration group as compared
with otologically normal persons (ISO 7029) and the xeroderma
pigmentosum with no neurological involvement group. Although
the patients with xeroderma pigmentosum without neurological
involvement and the ISO normal hearing population had similar
rates of hearing decline for all frequencies, the patients with xero-
derma pigmentosum without neurological involvement had a
higher y-intercept for hearing thresholds that accounts for the
difference in age-based hearing (Fig. 5).

Acute burning on minimal sun exposure

The 4F-PTA showed a strong association between a history of
acute burning on minimal sun exposure and degree of hearing
loss (Fig. 6A). The hearing loss pattern in Fig. 6A is similar to
that observed in Fig. 3A. This is predominantly because all patients
with xeroderma pigmentosum with xeroderma pigmentosum-type
neurological degeneration also experienced acute burning on min-
imal sun exposure (Fig. 6B). There was no difference in hearing
patterns between male and female subjects. After excluding pa-
tients with non-xeroderma pigmentosum-type neurological in-
volvement, 27 patients had acute burning on minimal sun
exposure; 17 with xeroderma pigmentosum-type neurological de-
generation and 10 without neurological involvement. Of the 10
patients with xeroderma pigmentosum without neurological in-
volvement who had acute burning on minimal sun exposure, all
had normal hearing. The combination of acute burning on minimal
sun exposure and 4F-PTA >10dBHL was associated with a
39-fold increased odds ratio (P = 0.002) of having xeroderma pig-
mentosum neurological degeneration in patients between the ages
of 4-30 years. None of the six patients with xeroderma pigmen-
tosum with clinically significant hearing loss without neurological
involvement experienced acute burning on minimal sun exposure
(Fig. 6B).

Cochlear histopathology in patients
with xeroderma pigmentosum-type
neurological degeneration

Temporal bone histopathology was analysed for Patient XP12BE
with xeroderma pigmentosum-type neurological degeneration,
who was 44 years old at autopsy (Ramkumar et al., 2011) and
was compared with a normal cochlea (Fig. 7A-D). This patient had
a defect in the XP-A gene and severe, bilateral progressive sen-
sorineural hearing loss first documented in her second decade of
life (Robbins et al., 1991) (Fig. 2B). Cochlear pathology shows
diffuse and severe atrophy of the organ of Corti, moderate to
severe atrophy of the stria vascularis and severe diffuse atrophy
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Figure 3 Worse-hearing ear 4F-PTA plotted against the 95th, 50th and 5th percentiles obtained from age-matched normative data (ISO
7029) and the criterion for clinically normal hearing (20 dBHL). Data are plotted for all patients with xeroderma pigmentosum (XP)
grouped by neurological status and colour-coded for xeroderma pigmentosum complementation group. (A) Patients with xeroderma
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of cochlear neurons (Fig. 7C and D) when compared with a
normal hearing cochlea (Fig. 7A and B). There was also mild
basal atrophy of the spiral limbus. Both cochleae in this patient
demonstrated similar pathology.

Prediction of neurodegeneration

Figure 8 provides a model for charting hearing levels over time for
patients with xeroderma pigmentosum to determine which curve
their threshold values follow most closely to predict whether they

will develop neurodegeneration. The earliest audiogram was used
for each patient so that this regression could more accurately pre-
dict threshold values for young patients with xeroderma pigmen-
tosum for whom prediction of xeroderma pigmentosum-type
neurological degeneration is most critical and difficult to accom-
plish. After Bonferroni correction, the Chow test showed that each
group was different from the others (P < 0.001) at all frequencies
tested (0.5/1/2/4/8 kHz) with respect to the combined slope and
intercept, except when comparing the xeroderma pigmentosum
no neurological involvement group to normative data for a
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4kHz stimulus. Ranges of hearing level values overlapped most
closely at the younger age groups for all frequencies, but the
greatest differences in range between xeroderma pigmentosum-
type neurological degeneration and xeroderma pigmentosum with
no neurological involvement groups occurred at 8 kHz.

Discussion

Prediction of patients with xeroderma pigmentosum who will de-
velop xeroderma pigmentosum-type neurological degeneration is
clinically challenging. Here, we report that audiometric status,
xeroderma pigmentosum complementation group and acute burn-
ing on minimal sun exposure are important indicators of xero-
derma pigmentosum-type neurological degeneration, and we
present a model for predicting xeroderma pigmentosum-type
neurological degeneration in patients with xeroderma pigmento-
sum. In this 41-year retrospective follow-up study of hearing loss
in patients with xeroderma pigmentosum, we have shown that
degree of hearing loss is directly correlated with neurological in-
volvement. Although hearing loss in patients with xeroderma pig-
mentosum  with xeroderma pigmentosum-type neurological
degeneration has been implicated in the past (Robbins et al.,
1974, 1991; Kenyon et al., 1985; Mamada et al., 1988; Rapin
et al., 2000; Lindenbaum et al., 2001; Kraemer et al., 2007;
Anttinen et al., 2008) mainly through case reports, this study ana-
lyses audiometric data in a large cohort of patients with xero-
derma pigmentosum. Xeroderma pigmentosum-type neurological
degeneration has been documented in patients with XP-A, XP-B,

XP-D, XP-F and XP-G. Patients with xeroderma pigmentosum
seen at the National Institutes of Health with xeroderma
pigmentosum-type neurological degeneration were either XP-A
or XP-D, the more common xeroderma pigmentosum complemen-
tation groups in the USA (Moriwaki and Kraemer, 2001). No pa-
tients with XP-C reported acute burning on minimal sun exposure
or developed xeroderma pigmentosum-type neurological degener-
ation, whereas all patients with xeroderma pigmentosum-type
neurological degeneration had acute burning on minimal sun ex-
posure and were all XP-A or XP-D. Fibroblasts from patients with
acute burning on minimal sun exposure of complementation
groups XP-A and XP-D have been shown to be more susceptible
to ultraviolet radiation damage compared with patients with XP-C
who do not burn easily (Robbins and Moshell, 1979). This may
indicate that transcription-coupled DNA repair (which is defective
in XP-A and XP-D but normal in XP-C) (DiGiovanna and Kraemer,
2012) plays an important role in the pathogenesis of the sunburn
response and in the development of DNA damage that affects
neuronal cell death.

In studying rare diseases, sample size always presents a limita-
tion. Our report of 79 patients with xeroderma pigmentosum with
audiometric data measured during the past four decades is one of
the largest of its kind. We identified a 54-year reduction in age of
detected onset of clinically significant hearing loss in patients with
xeroderma pigmentosum-type neurological degeneration as com-
pared with the ISO normal hearing population. This is similar to
the 58-year reduction in age at first non-melanoma skin cancer
reported by Bradford et al. (2011) in patients with xeroderma
pigmentosum compared with the general population, suggesting
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Figure 7 Cochlear histopathology in a patient with xeroderma pigmentosum-type neurodegeneration. (A) Cochlear histopathology of a
normal-hearing individual at 63 years of age shown for comparison. (B) Higher power magnification of boxed area in (A). (C) Left ear
cochlear pathology of Patient XP12BE (age 44 years) who developed xeroderma pigmentosum-type neurological degeneration. (D) Higher
power magnification of boxed area in (C). Pathology shows diffuse atrophy of the organ of Corti, moderate to patchy atrophy of the stria
vascularis and severe atrophy of cochlear neurons as compared with the control cochlea with normal hearing.

that xeroderma pigmentosum is an important model of premature
ageing through the accelerated accumulation of DNA damage.
The 19-year mean age of detection of onset of clinically significant
hearing loss in the patients with xeroderma pigmentosum-type
neurological degeneration was based on data in the few patients
who were tested before and after clinically significant hearing loss
developed. However, it was a conservative estimate of the mean
age of clinically significant hearing loss given that the majority of
patients with xeroderma pigmentosum-type neurological degener-
ation had a 4F-PTA well above the 95th percentile of normal
hearing at initial testing.

Patients with xeroderma pigmentosum with xeroderma
pigmentosum-type neurological degeneration and those without
neurological involvement had different rates of hearing decline.
One possible explanation for this is that patients with xeroderma
pigmentosum without neurological involvement may experience a
slower progression in accumulation of DNA damage to their audi-
tory system when compared with patients with xeroderma
pigmentosum-type neurological degeneration, thus accounting

for the normal histological appearance of the temporal bone in
an XP-C patient (Robbins et al., 2002). In addition, those with
severe neurological involvement may have greater test-retest
variability.

Our data show a definitive difference between patients with
xeroderma pigmentosum with xeroderma pigmentosum-type
neurological degeneration and the ISO normal hearing population;
however, the relationship between the normal population and the
patients with xeroderma pigmentosum without neurological in-
volvement is more difficult to interpret (Robbins et al., 2002).
The Chow test showed that the ISO normative data were different
from those for the patients with xeroderma pigmentosum without
neurological involvement (P < 0.001) at all frequencies tested
except for 4 kHz, suggesting that patients with xeroderma pig-
mentosum without neurological involvement could have slightly
worse hearing than expected for their age. Audio profile regres-
sion analysis also shows a difference between the ISO normal
population and the xeroderma pigmentosum without neurological
involvement group, yet the slopes for hearing loss over time are
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Figure 8 Regression curve analysis by Chow test. (A-F) We compared combined gender ISO 7029 normative data (black), patients with
xeroderma pigmentosum without neurological involvement (blue) and patients with xeroderma pigmentosum-type neurodegeneration

(red) for 0.5, 1, 2, 4 and 8kHz and the 4F-PTA. Regression curves for the patients with xeroderma pigmentosum are derived from the
worse hearing ear at the earliest complete audiogram for each patient. The thicker line in the middle of each group of coloured data points
represents a linear regression line corresponding to decibel level as predicted by age for that particular group. The thinner outer lines of
each group mark the boundaries within which you would expect to find 95% of the sample’s values for a given age based on calculated
prediction intervals. For the normal group, the recorded intervals represent those within which 95% of the population lies. P-values are
<0.001 for all frequencies (including 4F-PTA) when comparing the combination of intercepts and slope for regression curves between
xeroderma pigmentosum-type neurological degeneration, patients with xeroderma pigmentosum without neurological involvement and
ISO normal populations, with the exception of ISO normal versus xeroderma pigmentosum no neurological involvement at 4 kHz

(P =0.006). All values are significant at Bonferroni-adjusted value of P < 0.002.

similar. The difference lies in the y-intercept, with the patients
with xeroderma pigmentosum starting out at higher hearing
thresholds. This may be interpreted as a true difference in hearing
between the two populations, with patients with xeroderma pig-
mentosum without neurological involvement developing subclin-
ical hearing loss. However, this difference may also be accounted
for by variations in hearing test methodologies or subject
test-taking abilities between the otologically normal ISO popula-
tion and our cohort with xeroderma pigmentosum. Further studies
will be necessary to more accurately describe this relationship, and
to determine whether DNA repair defects in patients with xero-
derma pigmentosum without neurological disease could be affect-
ing the hearing apparatus over time.

Here, we report xeroderma pigmentosum temporal bone histo-
pathology that correlates with audiometric findings and neuro-
logical decline. Our findings in Patient XP12BE with xeroderma
pigmentosum-type neurological degeneration contrast with those
of Patient XP1BE, who had xeroderma pigmentosum but no
neurological involvement. This patient was previously reported
by Robbins et al. (2002) to have normal cochlear neuron cell
loss for her age by temporal bone histopathology. Patient XP1BE
had essentially normal hearing with some hearing loss limited to
the higher frequencies consistent with age-matched normative
data (Fig. 2G). The cochlear neuronal atrophy in 44-year-old

Patient XP12BE with xeroderma pigmentosum-type neurological
degeneration was much greater than expected for an individual
of her age (Fig. 7). Temporal bone histopathology for patient
XP12BE indicates that her hearing loss has a cochlear component.
Extended audiometric evaluation, including word recognition,
acoustic reflexes and auditory brainstem responses, provided no
evidence of a neural component to this patient's hearing loss
through 21 years of age (data not shown). At age 44 years, the
histopathological correlate of the sensorineural hearing loss
demonstrated in this patient was severe degeneration of the hair
cells of the organ of Corti and also of the primary cochlear neu-
rons. It is impossible to state with certainty that the neural degen-
eration is primary rather than secondary to hair cell degeneration.
However, the fact that in the apical half of the cochlea there were
remaining hair cells despite severe degeneration of cochlear neu-
rons, suggests that at least in part, the neural degeneration is
primary. In addition, the fact that the vestibular hair cells were
either normal for age or only mildly decreased in numbers despite
severe atrophy of Scarpa’s (vestibular) ganglion also suggests pri-
mary neuronal degeneration. Further temporal bone analyses in
patients with xeroderma pigmentosum-type neurological degener-
ation will be necessary to determine whether these histopatholo-
gical findings are similar in the entire xeroderma pigmentosum
patient population. Assessment of auditory neural function
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throughout the lifespan with both behavioural and physiological
measures may contribute to a more complete understanding of
the pathophysiology of the auditory dysfunction in patients with
xeroderma pigmentosum.

Although yet to be definitively proven, a mechanism underlying
age-related hearing decline, or presbycusis, is thought to involve
the progressive accumulation of DNA damage caused by reactive
oxygen species (McFadden et al., 1999; Hanawalt, 2001; Willott
et al., 2001; Seidman et al., 2002; Pickles, 2004; Darrat et al.,
2007; Jiang et al., 2007). Our data support the hypothesis that
DNA damage may contribute to presbycusis by showing greatly
accelerated rates of hearing loss in patients with xeroderma
pigmentosum-related neurological disease and defects in DNA
repair genes XP-A and XP-D. A recent study using ERCC1 §/—
mutant mice deficient in nucleotide excision repair, inter-strand
cross-link repair and double-strand break repair showed progres-
sive and accelerated increases in hearing level thresholds thought
to arise from diminishing cochlear function (Spoor et al., 2012).
Although the molecular mechanism remains unknown, this pro-
vides evidence that the pathogenesis underlying age-related hear-
ing loss may relate to reactive oxygen species-induced DNA
damage over time.

Hearing loss has also been reported in patients with other de-
fects in DNA repair, namely Cockayne syndrome, cerebro-oculo-
facial-skeletal syndrome and trichothiodystrophy. Patients with
Cockayne syndrome and cerebro-oculo-facial-skeletal syndrome
have progressive sensorineural hearing loss similar to our group
of patients with xeroderma pigmentosum with neurodegeneration
(lwasaki and Kaga, 1994; Iwasaki et al., 1996; Del Bigio et al.,
1997; Rapin et al., 2000, 2006; Fish et al., 2001; Lindenbaum
et al., 2001; Weidenheim et al., 2009). A few case reports have
described sensorineural hearing loss in trichothiodystrophy (Toelle
et al., 2001; Yoon et al., 2005) and preliminary data from our
National Institutes of Health cohort of 23 patients with trichothio-
dystrophy (Brooks et al., 2011; Tamura et al., 2011) provide fur-
ther evidence that this may be the case in a subset. Interestingly,
patients  with  Cockayne syndrome and cerebro-oculo-
facial-skeletal syndrome demonstrate neurological degeneration
in addition to dysmyelination of the brain, whereas patients with
trichothiodystrophy only demonstrate dysmyelination (Rapin et al.,
2000; Lindenbaum et al., 2001; Seidman et al., 2002; Yoon et al.,
2005; Kraemer et al., 2007; Weidenheim et al., 2009). These
neurological findings suggest different mechanisms that may
underlie the neurological involvement and hearing loss in these
patients (Brooks et al., 2008). When available, results of acoustic
reflex assessment, otoacoustic emissions, word recognition scores
and auditory brainstem responses were examined for evidence of
a neural or other retrocochlear contribution to the hearing loss.
We observed a small number of cases with a single retrocochlear
finding. Although our data support a predominant cochlear hear-
ing loss in xeroderma pigmentosum, prospective assessment with
tests sensitive to sensory versus neural function should be con-
ducted to further elucidate site of lesion in the auditory system.
Further studies on disease mechanisms will be critical in under-
standing differences present among patients with xeroderma pig-
mentosum in addition to the other disorders of DNA repair, so
that targeted therapeutics may be developed.

M. B. Totonchy et al.

This study implicates DNA repair as an essential part of the
auditory system to maintain normal hearing function as we age.
Here, we report a 39-fold increased odds of developing neurode-
generation in patients with xeroderma pigmentosum between the
ages of 4-30 years with acute burning on minimal sun exposure,
and who have a 4F-PTA >10dBHL. Graphical analysis of hearing
levels in patients with xeroderma pigmentosum (Figs 6 and 8)
provides a useful clinical method for predicting xeroderma
pigmentosum-type neurological degeneration and for determining
progression of neurological disease in those who develop xero-
derma pigmentosum-type neurological degeneration. Although
all audiograms were carefully reviewed for internal consistency, a
limitation of this study is the use of retrospective data in which
testing took place in multiple sites. Future studies will help in
determining when and how often audiometric testing should be
performed in patients with xeroderma pigmentosum for predicting
xeroderma pigmentosum-type neurological degeneration and for
monitoring neurological decline. These factors taken together pro-
vide an important tool to direct clinical care in patients with xero-
derma pigmentosum and for guiding current and potential future
treatments. Avoidance of high levels of noise/music exposure
should be a routine part of counselling for these patients who
are already at risk for xeroderma pigmentosum-related hearing
loss. Annual hearing exams may be an important part of manage-
ment for all patients with xeroderma pigmentosum not only to
monitor their hearing status and identify the need for auditory
habilitative interventions such as hearing aids, but also to assist
in prediction and surveillance of neurological symptoms.
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