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OBJECTIVES: To identify the cochlear segment in which spiral ganglion neuron (SGN) loss may more severely impact discrimination thresholds.

MATERIALS and METHODS: Thirteen temporal bones from 13 subjects between 55 and 77 years of age were analyzed. The organ of corti was
analyzed to identify the loss of hair cells, and the number of SGNs in each cochlear segment were counted. The results of the speech perception
test (SPT) and pure tone audiometry (PTA) tests were collected. PTA averages for low and high frequencies were calculated. One-way analysis of
variance (ANOVA), Pearson, Spearman, and multilinear regression tests were performed.

RESULTS: No statistically significant correlation was identified between the patient’s age and number of SGNs. Statistically significant differences
were observed between the number of SGNs in the different cochlear segments (one-way ANOVA: p<0.0001) and between poor PTA average and
SPT scores (negative correlation) (p=0.03). A statistically significant correlation was identified between the overall number of cochlear SGNs and
SPT scores (p=0.02) and between the number of SGNs in cochlear segments | (p=0.04) and Il and the SPT score (p=0.03).

CONCLUSIONS: We identified that residual SGNs in the basal and middle turns of the cochlea might be determinants of speech perception.
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INTRODUCTION

The number of spiral ganglion neurons (SGNs) is a fundamental element for predicting cochlear implant (Cl) outcomes after surgery
1, although controversial results have been reported 2. SGNs progressively die with increase in age and the phenomenon affect all
segments of the cochlea Bl Each cochlear segment contains cells deputed to discrimination of specific frequencies *'and the correct
stimulation of each segment is fundamental to correctly identifying sounds and words .

The importance of preserving low-frequency hearing for the role that these frequencies have on speech perception and under-
standing is still controversial ¥, as it is the relationship between residual SGNs and speech perception score, and the impact of
electrode penetration on the discrimination ability ',

To date, the effect of spiral ganglion neuron (SGN) distribution in the different cochlea segments on speech perception are still unclear. In
this study we analyzed the temporal bones (TB) of elderly subjects with normal hearing function and compared the SGNs using their pure
tone audiometry (PTA) and speech perception test (SPT) results to evaluate the potential correlation between the number of SGNs and
SPT score and to identify which of the four cochlear segments contain SGNs that have a predominant role in the word recognition process.

MATERIALS AND METHODS
Temporal bones available in a university temporal bone permanent laboratory were analyzed to identify a sample of subjects over
50 years of age for whom the results of auditory and word recognition tests were available. Sample collection and human specimen
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storage were done in accordance with the Declaration of Helsinki. The
TBs studied were prepared using the same standardized protocol “..

The study was approved as a retrospective study on preexisting spec-
imens by the local Internal Review Board.

The inclusion criteria were age over 50 years, good condition of the
specimen, presence of normal inner hair cells (IHC) and outer hair
cells (OHC) for the age, availability of PTA and SPT results performed
within a year before death, no previous ear surgery.

The following data were collected for each subject: side of temporal
bone studied, PTA results in the 250-8000 Hz frequency range, SPT (re-
corded as a percentage of correctly repeated words after being read
a word list in a silent cabin), and the cause of death. Because results
of PTA and SPT were available for each subject, we collected details
about the auditory threshold (identified by PTA) and the SPT scores, by
including only the results of the ear that we analyzed; for example, if
we study a right TB we only included auditory tests of this side.

Pure tone audiometry average was calculated for low (250, 500, and 1000
Hz) and high frequencies (2000, 4000, and 8000 Hz). The averages were cal-
culated to compare them with the SG number in segments |, II, Ill, and IV.

All TBs included in the study were studied with light microscopy
(Olympus CH2; Olympus- lifescience, Shinjuku, Tokyo, Japan) to iden-
tify the organ of Corti, in which the IHC, OHC and SGNs were counted.
An ocular grid and 20x magnification were used to facilitate counting
1%, The SGNs were counted manually in each section of the cochlea
from the basal turn (segment I) to the apex (segment IV). The cochlea
was divided into four segments as follows: a) segment |, from the hook
region halfway to the basal turn; b) segment II, from the end of seg-
ment | until the beginning of the cochlear middle turn; c) segment lll,
corresponding to the middle turn of the cochlea; d) segment IV, corre-
sponding to the cochlear apex. Total neuronal count per cochlea was
then estimated by multiplying SGNs by 10 to account for intervening
sections and by 0.91 to correct for dual-counting of nuclei spanning
section boundaries based on the current recommendation.

MAIN POINTS

- The preservation of a sufficient number of spiral ganglions
is fundamental in cochlear implant surgery because these
cells are necessary to correctly discriminate the sounds.

«  The results of speech perception test are generally related
to the auditory thresholds, indicating that a good function
of hair cells is determinant to correctly understand the
speech.

«  Only high-frequency loss impacts the SPT scores, while
low-frequency loss doesn't affect the speech perception.

«  Loss of spiral ganglion neurons in each segment of the co-
chlea is independent from wellness of the hair cells in the
same segment.

+  Only the reduction of SNG number in the basal turn of the
cochlea affects the SPT scores, confirming that preservation
of these cells in the I and Il turn is fundamental for obtaining
satisfactory auditory results after Cl.
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Statistical Analysis

Stata® (StataCorp LLC, 4905 Lakeway Drive, College Station, Texas 77845-
4512, USA) was used to analyze the data. Patient age and number of SGNs
were correlated using the Pearson Correlation Coefficient. The total num-
ber of SGNs (segment |, II, lll, and IV) were correlated with age, and the
same correlation analysis (age and SGNs) was performed for each seg-
ment. The correlation between patient age and the SPT score was mea-
sured by the Pearson correlation. The low and the high-frequency PTA
results were correlated separately with the SPT scores using the Pearson
and Spearman correlations. A one-way analysis of variance (ANOVA) was
performed to identify a statistically significant difference in the SGN num-
ber between each segment, and a post hoc Bonferroni-Holm (BH) test was
used to identify the details of these differences. The Pearson test was used
to identify a correlation between the loss of SGNs in segment | (basal turn)
and segment IV (apex of cochlea). Multiple linear regression models were
used to correlate the SGNs in segments | and Il with the high-pure tone
average, and the SGNs in segments lll and IV with low-pure tone average.
The same correlation was performed to evaluate the relationship between
SGNs in each segment and the auditory threshold at a specific frequency;
the number of SGNs in segment | was compared with the results of PTA
at 8000 Hz and that in segment Il with 4000 Hz. Finally, the Pearson cor-
relation coefficient was used to correlate the total number of SNGs in all
segments and the SPT scores, and the number of SNGs in the first segment
were correlated with the SPT; this analysis was performed for each seg-
ment. The Spearman correlation was used to identify the correlation trend
between the data and to confirm the results of the Pearson test when they
were statistically significant. p<0.05 was considered to be significant.

RESULTS

Thirteen TBs from 13 adult patients (age range, 52-77 years; median
age, 64.4 years) met the inclusion criteria and were included in the
study; of these, seven were right TB and six left TB. All the TB included
in the study were extracted within 24 hours of death (average post-
mortem time, 11 hours; range, 2.30-18 hours) and were prepared and
processed as described above to guarantee homogeneity (Table 1).

All data were normally distributed. There was no statistically signifi-
cant correlation between age and the total number SGNs (Pearson:
p=0.07), and between the subjects’ ages and spiral ganglions in seg-
ment | (Pearson: p=0.28), segment Il (Pearson: p=0.57), segment IlI
(Pearson: p=0.81), or segment IV (Pearson: p=0.35).

Statistically significant differences in the SGN number between the
four cochlear segments were identified (one-way ANOVA: p<0.0001);
differences were particularly significant between segments | and
Il (BH: p<0.0001), segments | and Il (BH: p<0.0001), segment | and
IV (BH: p<0.0001), segment Il and Ill (BH: p<0.0001), and segments
Il and IV (BH: p<0.0001). No statistically significant differences were
observed between SGNs in cochlear segments Ill and IV (BH: p=2.9).
Despite the differences in the number of cells between the four seg-
ments, no significant correlation was identified between the number
of SGNs present in segment | (basal turn of the cochlea) and those in
segment IV (apex of the cochlea) (Pearson: p=0.09).

High-frequency PTA average and SPT scores were negatively and sig-
nificantly correlated (Pearson: p=0.03; rs: —0.615, p=0.02), while no
correlation was found between the low-frequency PTA average and
the SPT scores (Pearson: p=0.7). Multiple linear regression analysis
showed that the number of SGNs in segments | and Il were not pre-
dictive of the results of high-frequency PTA average (p=0.07; r=0.50;
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Table 1. SNGs, SPT, and the auditory threshold of each subject who was included in the study

Spiral ganglions in each segment

Patients Age I Il ] \% Total Speech (%)
1 69 2340 9572 5646 6043 23601 100
2 50 2574 7259 3793 5409 19035 100
3 50 2776 6743 3533 4446 17498 100
4 77 1965 5338 3545 2968 13816 92
5 77 1520 3927 2994 2309 10750 74
6 70 1935 6035 4279 4530 16779 90
7 74 1819 6481 3315 3778 15753 96
8 74 2407 8856 4387 5094 20744 80
9 60 1016 3695 2128 2815 9654 80
10 60 1904 5824 3386 4097 15211 80
1 63 758 5785 4103 4732 15378 88
12 52 2156 7687 4359 3641 17843 100
13 52 2448 7405 4862 4563 19278 100
SNGs: spiral ganglion neurons; SPT: speech perception test.

Segment I: basal turn of the cochlea

Segment ll: basal-middle turn 2000 Hz

Segment lll: middle turn 14 mm

Segment IV: apex

7 Middie) g

" T

F=3.81), and the SGNs in Ill and IV were not predictive of the results of
low-frequency PTA average (p=0.2; r=0.03; F=1.42)

To confirm the PTA average results, we separately correlated each spe-
cific cochlear segment with the corresponding tonotopic frequency
threshold (Figure 1) to investigate the correlation between the SGN
number and the auditory threshold. There was no statistically significant
correlation between SGNs in segment | and the auditory threshold at
8000 Hz (Pearson: p=0.22), between those in segment Il and 4000 Hz
(Pearson: p=0.15) or between those in segment Il and 2000 Hz (Pearson:
p=0.11). No statistically significant differences were found by compar-
ing the SGNs in segment lll and auditory thresholds at 2000 Hz (Pearson:
p=0.29) or between those in segment lll and 1000 Hz (Pearson: p=0.34).
There was also no statistically significant correlation between the SGNs
in segment IV and the auditory threshold at 500 Hz (Pearson: p=0.054) or
between those in segment IV and 250 Hz (Pearson: p=0.15).

4000 Hz

1000 Hz gl

18 mm

8000 Hz
5 mm

Figure 1. The drawing (image on the right) illustrates the tonotopic distribution of the hearing frequencies in a human cochlea (figure on the left).

We observed a statistically significant positive correlation between the to-
tal number of SGNs (segment | to IV) and the SPT scores (Pearson: p=0.02;
Spearman:rs: 0.642, p=0.01; Figure 2). By analyzing each segment and the
SPT, we observed a positive significant correlation between the SGNs in
segment | and SPT scores (Pearson: p=0.04; Spearman: rs: 0.693, p=0.008)
(Figure 3a) and SGNs in segment Il and SPT scores (Pearson: p=0.03; Spear-
man: rs: 0.642, p=0.01) (Figure 3b), but there was no correlation between
the SGNs in segment lll and SPT scores (Pearson: p=0.06; Figure 3c) or
SGNs in segment IV and SPT scores (Pearson: p=0.81; Figure 3d).

DISCUSSION

Based on the results of this study, we did not observe a direct correla-
tion between subjects’ age and number of SGNs; this evidence is in
contrast with the Schuknecht theory, supporting SGN death because
of aging B. However, several subjects included in our study died of
cancer and were treated with toxic drugs that could affect SGN sur-



vival "3 and account for the absence of correlation between the
number of SGNs and the patients’ages as observed in this study.

The distribution of SGNs among the four segments of the cochlea (I
to IV) was significantly different. Although the basal turn (segments |
and Il) of the cochlea contained very few SGNs, the loss of these cells
in these segments did not impact the residual number of SGNs in the
apical turn of the cochlea (segments Il and IV).

The number of residual SGNs in each segment was not correlated
with the respective auditory threshold for each frequency. This con-
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Figure 2. The graphic shows the linear correlation between the entire num-
ber of spiral ganglions identified in the cochlea and the results of the speech
perception test.
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firmed the limitation of PTA as a single test to investigate the hearing
capacity of patients during clinical investigations "*'7; in fact, PTA
investigates only hair cell function, and that has been shown to be
not correlated with the number of residual SGNs in the cochlea '8,

Finally, the total number of residual SGNs in the cochlea (segments
| to IV) was positively correlated with SPT scores. In particular, the
SGNs in segments | and Il 2 were correlated with SPT scores; this
evidence showed that normal discrimination of frequency between
2000 and 8000 Hz is fundamental to the understanding of words 2",

The number of SGNs is a relevant point in Cl surgery 2%, as their pres-
ervation is fundamental to achieve the best hearing outcomes ', Cur-
rently, SGN preservation in the cochlea is considered by looking at the
entire structure without focusing on a specific segment. Theoretically,
preservation of the SGNs in the middle (<3000 Hz) and apical (500 Hz)
cochlear turns > #Ishould be fundamental to discriminating frequen-
cies in the speech range ?%. On the contrary, we identified a correlation
between SGNs in segments | and Il and SPT scores, which suggests the
importance of correct high-frequency discrimination in speech percep-
tion. This evidence is in accordance with Di Stadio et al ®' study, in which
the authors have shown that children with cochlear malformation (in
which all SGNs are located in the basal turn) undergoing Cl could obtain
the same results as children with normal cochlea as evidenced by the
comparison of their auditory brainstem responses 2,

We speculate that our results might be helpful for Cl surgery. Cur-
rently, we know that insertion of the electrode up to the apex of the
cochlea may present some risks 2%, so, if the basal and the begin-
ning of middle turn of the cochlea are more relevant than the apex
to correctly discriminate speech, a shorter electrode could be a good

b Pearson: p=0.03
SGs segment Il and SPT Spearman: p=0.01
100 s we
AR

e ==
5 80 o. - .
E 60
e
a
c 40
(]
@
2 20
w

]

] 2000 4000 6000 2000 10000 12000
Spiral Ganglions
d
SGs segment IV and SPT Pearson:p=0.81
100 - = .9
. e ___.-.—-"'_

3:‘ 80 —aT -'o .
8 2
E' 60
2
E' 40
-]
g
S 20

0

0 1000 2000 3000 4000 S000 6000 7000

Spiral Ganglions

Figure 3. a-d. Four graphics illustrate the linear correlation between the spiral ganglions in segment | and Il and the score of the speech perception test. In case
of segments | and II, the correlation was statistically significant (a and b); in case of segments Ill and IV, despite the relationship between the number of spiral
ganglion neuron and the scores of speech perception appears linear, the correlation was not statistically significant (c and d).
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option, especially in patients who present residual hearing. In fact,
these patients generally have the low frequencies preserved; so the
short electrode placed in the | and Il turn of the cochlea might direct-
ly stimulate the areas where the hair cells are missing by combining
bionic stimulation with the natural preserved functions 2728,

Study Limitations

This study presents some limitations. The major limitation is the small
sample size; this is a common limitation of these studies because
of the limited availability of TB #2728, |n addition, the condition of
the central auditory pathways was not evaluated through magnetic
resonance imaging, limiting the possibility of determining if central
involvement had an impact on SPT scores. Another important limita-
tion is that all subjects died of cancer or of cardiovascular diseases
and were under multiple medical treatments, including specific oto-
toxic drugs that might have had an effect on the inner ear.

CONCLUSION

Our study showed that residual SGNs in the | and Il turns of the co-
chlea might be relevant for speech perception and that these cells
perform their discrimination function independent of the function of
the organ of Corti. Additional studies on larger samples are necessary
to confirm our preliminary results.
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