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20 Abstract
21 It is traditionally believed that the effects of exposure to noise cease once the exposure itself 

22 has ceased. If this is the case, exposure to noise relatively early in life, for example during 

23 military service, should not affect the subsequent progression of hearing loss. However, 

24 recent data from studies using animals suggest that noise exposure can accelerate the 

25 subsequent progression of hearing loss. This paper presents new longitudinal data obtained 

26 from 29 former male military personnel. Audiograms obtained at the end of military service 

27 were compared with those obtained at least five years later. Rates of change of hearing 

28 threshold level (HTL) in dB/year were compared with those expected from ISO7029 (2017) 

29 for men at the 50th percentile. The results are consistent with the hypothesis that noise 

30 exposure during military service accelerates the progression of hearing loss for frequencies 

31 where the hearing loss is absent or mild at the end of military service, by about 1.7 dB/year 

32 on average for frequencies from 3 to 8 kHz, but has no effect on or slows the progression of 

33 hearing loss for frequencies where the hearing loss exceeds about 50 dB. Acceleration 

34 appears to occur over a wide frequency range, including 1 kHz. There remains a need for 

35 further longitudinal studies using larger sample sizes. Longitudinal studies are also needed to 

36 establish whether exposure to other types of sounds, for example at rock concerts or from 

37 work in heavy industries, affects the subsequent progression of hearing loss.

38

39 Keywords: noise exposure, military service, progression of hearing loss, noise-induced 

40 hearing loss
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42 Introduction
43 It is traditionally believed that the effects of exposure to noise cease once the 

44 exposure itself has ceased (Humes, Joellenbeck & Durch, 2006; Mirza, Kirchner, Dobie & 

45 Crawford, 2018). If this is the case, exposure to noise should not affect the progression of 

46 hearing loss with increasing age after the exposure ceases. Data from longitudinal studies of 

47 humans mostly support this common belief (Lee, Matthews, Dubno & Mills, 2005; 

48 Hederstierna & Rosenhall, 2016). However, as reviewed by Moore (2021), those studies were 

49 largely based on older people (aged 70 years or more), and even the non-noise exposed 

50 participants had substantial hearing loss at high frequencies. Furthermore, those studies 

51 included only a small proportion of military veterans; most of the noise-exposed individuals 

52 had worked in noisy factories. This paper addresses the issue of whether noise exposure 

53 during military service affects the progression of hearing loss following the end of military 

54 service. 

55 The noise occuring in many noisy work places is relatively steady, and it is typically 

56 broadband with levels of 90-110 dB SPL. Prolonged exposure to such noise typically 

57 produces a “notch” or “bulge” in the audiogram for a frequency close to 4 kHz (Passchier-

58 Vermeer, 1974; Smoorenburg, 1992). In contrast, military service often involves exposure to 

59 impulsive sounds from rifle shots, mortars, anti-tank weapons, and explosions, as well as 

60 exposure to more steady noises from vehicles and aircraft. The peak levels of the impulsive 

61 sounds encountered during military service can reach 155 dB SPL (Jokel, Yankaskas & 

62 Robinette, 2019). Furthermore, many military personnel report that they do not use hearing 

63 protection (or use it only loosely fitted) during active service (Lowe & Moore, 2021). For a 

64 given mean exposure level, impulsive sounds are more damaging to the ear than steady 

65 sounds (Henderson & Hamernik, 1986; Zhang et al., 2021). Thus, it seems reasonable to 

66 assume that the effects of noise exposure during military service may be different from the 

67 effects of exposure to steady factory noise. Consistent with this, noise exposure during 

68 military service often leads to greater hearing loss at 6 and 8 kHz than at 4 kHz (Moore, 

69 2021; Lowe & Moore, 2021). Also, exposure to steady noise typically leads to hearing loss 

70 that is similar for the two ears (Passchier-Vermeer, 1974; Smoorenburg, 1992), while 
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71 exposure to noise during military service often leads to greater hearing loss in one ear than 

72 the other, because of the asymmetric nature of the exposure (Keim, 1969; Moore, 2020; 

73 Lowe & Moore, 2021)

74 The possibility that noise exposure can accelerate the progression of hearing loss 

75 following the exposure is supported by studies using mice. Kujawa and Liberman (2006) 

76 compared the progression of hearing loss with increasing age for non-exposed mice and mice 

77 exposed to an octave-wide band of noise (8-16 kHz) with a level of 100 dB SPL for two 

78 hours. The age of the mice at the time of exposure varied from 4 to 124 weeks. Control and 

79 noise-exposed mice were housed together for post-exposure times from 2 to 96 weeks. When 

80 tested 2 weeks after exposure (using auditory brainstem responses, ABRs, to estimate 

81 detection thresholds), shifts in threshold up to 40-50 dB were found for animals that were 

82 exposed when young (4-8 weeks of age), but animals exposed at the age of 16 weeks or later 

83 showed almost no threshold shift. When tested a long time after the exposure, exposed 

84 animals, regardless of the age of exposure, showed greater hearing loss than age-matched 

85 non-exposed controls. The authors concluded that “Data suggest that pathologic but sublethal 

86 changes initiated by early noise exposure render the inner ears significantly more vulnerable 

87 to aging.”

88 In a similar study using mice (Fernandez, Jeffers, Lall, Liberman & Kujawa, 2015), 

89 the effects of two levels of noise exposure were compared. The higher exposure (an octave-

90 wide noise band for two hours at 100 dB SPL) produced permanent damage to the synapses 

91 between inner hair cells (IHCs) and primary auditory neurons (called synaptopathy, Kujawa 

92 & Liberman, 2009) without hair cell loss. The lower exposure (an octave-wide noise band for 

93 two hours at 91 dB SPL) produced neither synaptic damage nor hair cell loss. A control 

94 group with no exposure was also used. Cochlear function was assessed from 1 hour to about 

95 20 months after exposure via distortion product otoacoustic emissions (DPOAEs, which 

96 provide a measure of outer hair cell, OHC, function, Kemp, 1978) and ABRs. The 100 dB 

97 SPL noise led to threshold shifts of 35-50 dB 24 hours after exposure. After two weeks, 

98 thresholds recovered, but synaptic counts and ABR amplitudes at high frequencies were 

99 reduced by up to 45%. About 20 months after exposure, thresholds were up to 18 dB greater 
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100 for the group with synaptopathy than for the other two groups. OHC losses worsened over the 

101 same time frame. The group receiving the lower exposure did not show acceleration of 

102 synaptic loss or cochlear dysfunction with increasing age up to about 1 year after exposure. 

103 The authors concluded that “Therefore, interactions between noise and aging may require an 

104 acute synaptopathy, but a single synaptopathic exposure can accelerate cochlear aging”. 

105 Moore (2021) argued that mild to moderate hearing loss is usually primarily a 

106 consequence of loss of function of the OHCs. A certain amount of damage to the OHCs can 

107 occur with little or no change in the detection threshold (Evans & Harrison, 1976; Harrison & 

108 Evans, 1979; Dallos & Harris, 1978). This is consistent with the concept of a “cochlear 

109 reserve”; the cochlea can sustain some damage without loss of function as revealed by the 

110 audiogram, but once the reserve is sufficiently depleted effects in the audiogram become 

111 apparent. If hearing loss approaching 55 dB is present at some frequencies at the end of a 

112 noise exposure, this could be due primarily to near-complete loss of function of OHCs. In this 

113 case, acceleration of the subsequent progression of hearing loss due to further OHC damage 

114 is not expected. In contrast, if the hearing loss at the end of noise exposure is slight or mild at 

115 some frequencies, then there is scope for acceleration of the subsequent progression of 

116 hearing loss at those frequencies due to further damage to OHCs. This led Moore (2021) to 

117 propose the following hypothesis: For frequencies where the noise-induced hearing loss 

118 (NIHL) at the end of military service is mild, exposure to noise during military service 

119 accelerates the subsequent progression of hearing loss. In contrast, for frequencies where the 

120 NIHL is moderate or severe at the end of military service, the prior noise exposure has little 

121 or no effect on or even slows the subsequent progression of hearing loss.

122 There are three published studies that are directly relevant to this issue. Macrae (1971; 

123 1991) compared the hearing threshold levels (HTLs) of military veterans obtained close to 

124 the end of military service and after an interval of several years, for frequencies of 1 and 4 

125 kHz. Moore (2021) conducted a re-analysis of those data. The rates of change of HTL 

126 following the end of military service were compared with those expected from ISO 7029 

127 (2017), which is a current standard based on a large population who were carefully screened 

128 to exclude noise-exposed individuals. The rates of change of HTL reported by Macrae tended 
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129 to increase with increasing age (and increasing hearing loss), but the progression was 

130 somewhat irregular. To smooth the data, a linear regression line was fitted to the rate of 

131 change as a function of age, and the fitted line was used to predict the rate of change for each 

132 age group. At 1 kHz, a frequency for which hearing loss at the end of military service was 

133 small or absent, the observed rate of change of HTL was greater than predicted from ISO 

134 7029 (2017), regardless of age group. At 4 kHz, a frequency for which there was some 

135 hearing loss at the end of military service, the observed rate of change of HTL was greater 

136 than predicted from ISO 7029 (2017) for the younger age groups (who had on average small 

137 hearing losses) but was smaller than predicted from ISO 7029 (2017) for the older age groups 

138 (who had on average larger hearing losses). Moore (2021) concluded that the results were 

139 consistent with his hypothesis. 

140  The other two studies that are relevant to the hypothesis (Xiong, Yang, Lai & Wang, 

141 2014; Kim, Lim, Kim & Park, 2017) were both cross-sectional rather than longitudinal in 

142 design, which limits the conclusions that can be drawn. Also, both studies had some design 

143 limitations, as discussed by Moore (2021). Nevertheless, the results of both studies support 

144 the hypothesis that for frequencies where the NIHL at the end of military service is mild, 

145 exposure to noise during military service accelerates the subsequent progression of hearing 

146 loss.

147 The present paper presents new longitudinal data from former military personnel. 

148 Audiograms obtained at the end of military service were compared with those obtained at 

149 least five years later. Rates of change of HTL in dB/year were compared with those expected 

150 from ISO 7029 (2017) for men at the 50th percentile.

151

152 Longitudinal Study of Changes in HTL Following the End 
153 of Military Service
154 Study Sample 

155 Data were available for 29 UK male military veterans, most of whom had served in 

156 the army. Their age at entry to military service ranged from 16 to 24 years. Their age at the 

157 end of military service ranged from 23 to 44 years; 5 were aged 23-25, 6 were aged 26-30, 5 
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158 were aged 31-35, 4 were aged 36-40, and 9 were aged 41-44 years. All had HTLs better than 

159 or equal to 20 dB HL from 0.5 to 6 kHz at the start of military service (HTLs at 8 kHz were 

160 not measured for all cases). All were claiming compensation for NIHL. The claims were 

161 initiated from 5 to 20 years after the end of military service, with a mean of 10 years, a 

162 median of 10 years and a standard deviation of 6 years. They were selected from larger 

163 databases on the basis of reliable audiograms, obtained according to the standards of the 

164 British Society of Audiology (2018), being available near the end of military service and five 

165 or more years later. The time interval between the end-of-service audiogram and the later 

166 audiogram ranged from 5 to 27 years; the interval was 5-10 years for 8 men, 11-15 years for 

167 9 men, 16-20 years for 6 men, 21-25 years for 4 men, and 26-27 years for 2 men. The men 

168 had a wide range of hearing losses at the end of military service for frequencies from 3 to 8 

169 kHz. Individual and mean end-of-service audiograms are shown in Figure 1. These show 

170 similar features to those published previously for cases of NIHL incurred during military 

171 service, specifically a tendency for the greatest hearing loss to occur at 6 kHz and greater 

172 hearing loss for the left than for the right ears, on average (Moore, 2020; Lowe & Moore, 

173 2021). None of the men showed any evidence of significant conductive hearing loss (air-bone 

174 gaps were 10 dB or less). None of the men had a history of exposure to ototoxic substances or 

175 medications, none had current or previous ear diseases, and none had a family history of ear 

176 disorders. All of the men reported exposure to intense impulsive sounds during military 

177 service, sometimes without hearing protection. All reported times when they had a temporary 

178 dulling of hearing and/or tinnitus, consistent with potentially damaging noise exposure 

179 (Brungart et al., 2019). All but two reported currently having tinnitus. 

180

181 Analysis Method

182 The steps in the analysis of the data were:

183 (1) For each audiometric frequency, f, (0.5, 1, 2, 3, 4, 6, and 8 kHz) and each ear separately, 

184 the end-of-service HTL, HTLEOS(f), was subtracted from the HTL obtained at least 5 years 

185 later, denoted HTLfinal(f).

186 (2) The difference obtained in step (1) was converted to the rate of change of HTL in dB/year 
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187 by dividing the difference by the elapsed time in years between the the end-of-service 

188 audiogram and the later audiogram. This rate of change is denoted Ractual (f). 

189 (3) The expected audiogram for a man at the 50th percentile based on ISO 7029 (2017) was 

190 calculated for the age at end of service and the age at the date of later audiogram and the 

191 difference between the two was calculated.

192 (4) The difference obtained in step (3) was converted to the expected rate of change of HTL 

193 in dB/year by dividing the difference by the elapsed time in years between the the end-of-

194 service audiogram and the later audiogram. This rate of change is denoted Rexpected(f).

195 If Ractual (f) is greater than Rexpected(f), this indicates an accelerated progression of 

196 hearing loss following the end of military service. If Ractual (f) is less than Rexpected(f), this 

197 indicates a slowing of the progression of hearing loss following the end of military service. If 

198 Ractual (f) is equal to Rexpected(f), this indicates that the noise exposure during military service 

199 had no effect on the subsequent progression of hearing loss. 

200

201 Results

202 The individual and mean values of Ractual (f)  Rexpected(f) are shown separately for 

203 each ear in Figure 2. It is clear that there was considerable individual variability. However, 

204 the mean value of Ractual (f)  Rexpected(f) (bold line in each panel) was above 0 for every 

205 audiometric frequency for both ears, indicating, on average, accelerated progression of 

206 hearing loss following the end of military service. The mean values of Rexpected(f), Ractual (f), 

207 and the differences Ractual (f)  Rexpected(f) are shown for each ear in Table 1. The differences 

208 from 0 were more than 2 standard errors (SEs), indicating significant acceleration for all 

209 cases, except for the left ear at 6 kHz. The difference was generally greatest for frequencies 

210 from 3 to 8 kHz, which are the frequencies for which HTLs are usually most affected by 

211 noise exposure during military service (Moore, 2020; Lowe & Moore, 2021). The small and 

212 non-significant acceleration for the left ear at 6 kHz probably reflects the fact that the HTLs 

213 at the end of service were on average greater for that case than for any other combination of 

214 frequency and ear; see the left panel of Figure 1.  

215 If the rate of progression of hearing loss decreases with increasing hearing loss at the 
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216 end of military service, then Ractual (f)  Rexpected(f) should be negatively correlated with 

217 HTLEOS(f). Figure 3 is a scatter plot of values of Ractual (f)  Rexpected(f) against HTLEOS(f). 

218 Each panel shows results for one frequency. The correlations between Ractual (f)  Rexpected(f) 

219 and HTLEOS(f), shown in each panel, were small but were consistently negative, for all 

220 frequencies and both ears. Based on a directional hypothesis that the correlation should be 

221 negative, for a sample of 29 cases, a correlation should be more negative than 0.31 to be 

222 significant at p < 0.05. This condition was satisfied for both ears at 4, 6 and 8 kHz, but not at 

223 3 kHz. Since the results were similar for the two ears (open and filled circles) for each 

224 frequency, a linear regression line was fitted to the data for both ears combined for each 

225 frequency (thick gray lines). The regression lines all had negative slopes, consistent with the 

226 hypothesis that the rate of decline in HTL decreases with increasing HTLEOS(f). 

227 It is noteworthy that for values of HTLEOS(f) in the range 5 to 40 dB HL most values 

228 of Ractual (f)  Rexpected(f) were positive, i.e. for small values of HTLEOS(f) the actual rate of 

229 change was mostly greater than expected. In contrast, for values of HTLEOS(f) of 50 dB HL or 

230 more, the values of Ractual (f)  Rexpected(f) were roughly equally often positive and negative. 

231 This pattern of results is consistent with the hypothesis that for frequencies where HTLEOS(f) 

232 is small, exposure to noise during military service accelerates the subsequent progression of 

233 hearing loss, while for frequencies where HTLEOS(f) is above about 50 dB HL, the prior noise 

234 exposure has no effect on or slows the subsequent progression of hearing loss. The regression 

235 lines for f = 3, 4, 6 and 8 kHz had a mean value of 1.7 dB/year at HTLEOS(f) = 0 dB HL, 

236 indicating an acceleration of about 1.7 dB/year when there was no hearing loss at the end of 

237 military service.

238 A problem with the analysis described above is that the relationship between Ractual (f) 

239  Rexpected(f) and HTLEOS(f) may partly occur because of random errors in HTLEOS(f). The 

240 value of HTLEOS(f) is used to calculate Ractual (f) (but with a  sign). Hence, if HTLEOS(f) is 

241 “too high” as a result of a random error, Ractual (f) will be “too low”, while if HTLEOS(f) is 

242 “too low”, Ractual (f) will be “too high”. This would tend to lead to negative correlations. 

243 There will also be random errors in the value of HTLfinal(f) but these will be unrelated to 

244 HTLEOS(f). To assess the magnitude of the correlations that would be expected from random 
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245 errors of measurement in HTLEOS(f) and HTLfinal(f), the following analysis was performed. 

246 The actual change in HTL from end of service to final is 

247 Changeactual(f) = HTLfinal(f)  HTLEOS(f). (1)

248 The rate of change of threshold in dB/year is 

249 Ractual(f) = Changeactual(f)/Y, (2)

250 where Y is the number of years from end of service to final. The expected end-of-service 

251 HTL for a man at the 50th percentile using ISO 7029 (2017) is denoted HTL(ISO)EOS(f) and 

252 the expected final HTL is denoted HTL(ISO)final(f). The expected change in HTL from end of 

253 service to final is

254 Changeexpected(f) = HTL(ISO)final(f)  HTL(ISO)EOS(f). (3)

255 The expected rate of change of threshold in dB/year is 

256 Rexpected(f) = Changeexpected(f)/Y. (4)

257 To assess the negative relationship between Ractual(f)  Rexpected(f) and HTLEOS(f) that 

258 would be expected based on random errors of measurement in HTLEOS(f) and HTLfinal(f), the 

259 effects of such errors were simulated assuming that Ractual(f) is independent of HTLEOS(f) and 

260 that Rexpected(f) = Ractual(f). The analysis was done separately for each ear and each frequency 

261 of the 29 cases. The steps were as follows:

262 (1) The value of Rexpected(f) was set equal to the value of Ractual(f). 

263 (2) For each frequency and each ear, the value of HTLEOS(f) was “jittered” to simulate a 

264 random error, by adding a random number drawn from a Gaussian distribution with a mean 

265 of 0 and a standard deviation of 3.8 dB. The value of 3.8 dB represents the standard deviation 

266 of the difference in HTLs for manual audiometry conducted by two different testers 

267 (Margolis, Glasberg, Creeke & Moore, 2010). The result was then rounded to the nearest 5 

268 dB, to reflect the practice when recording an audiogram. The resulting quantity is denoted 

269 HTLEOS(f, jittered).

270 (3) A similar but independent jitter was applied to HTLfinal(f), giving HTLfinal(f, jittered).

271 (4) The actual minus expected rate of change in HTL from EOS to final was calculated as

272 Diff(f) =  [HTLfinal(f, jittered)  HTLEOS(f, jittered)]/Y  Rexpected(f). (5)
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273 (5) For each frequency, the correlation was determined between Diff(f) and HTLEOS(f, 

274 jittered).

275 (6) For each frequency, the slope of the best-fitting line relating Diff(f) to HTLEOS(f, jittered) 

276 was determined

277 (7) Steps 5 and 6 were repeated for 40 realizations of the random applied jitters and the 

278 resulting correlations and slopes were averaged.

279 Table 2 compares the mean correlations between Diff(f) and HTLEOS(f, jittered) with 

280 the measured correlations between Ractual(f)  Rexpected(f) and HTLEOS(f). For frequencies from 

281 3 to 8 kHz, and for both ears, the measured correlations were more negative than the 

282 correlations resulting from random errors of measurement in HTLEOS(f) and HTLfinal(f).

283 Table 3 compares the mean slopes of the lines fitted to the values of Diff(f) as a 

284 function of HTLEOS(f, jittered) with the measured slopes of the lines fitted to Ractual(f)  

285 Rexpected(f) as a function of HTLEOS(f). For frequencies from 3 to 8 kHz, and for both ears, the 

286 measured slopes were markedly more negative than the slopes resulting from random errors 

287 of measurement. On average, the obtained slope was more negative than the simulated slope 

288 by a factor of 9.9 for the right ear and 14.8 for the left ear. 

289 To assess how the simulated correlations and slopes would be affected by the 

290 magnitude of the assumed jitter, the simulations were repeated with the jitter increased to an 

291 unrealistically high value of 7.6 dB. For frequencies from 3 to 8 kHz, and for both ears, the 

292 measured correlations remained more negative than the correlations resulting from random 

293 errors of measurement and the measured slopes remained markedly more negative than the 

294 slopes resulting from random errors of measurement. It can be concluded that the negative 

295 measured slopes are not solely a consequence of random errors of measurement in HTLEOS(f) 

296 and HTLfinal(f). 

297 A possible objection to the analysis used to derive the results shown in Figures 2 and 

298 3 is that the populations used to produce ISO 7029 (2017) were more carefully screened than 

299 the population of military veterans studied here. To assess the importance of the reference 

300 database used, rates of change of HTL were calculated for two databases with less rigorously 

301 screened populations, namely those of Coles, Lutman and Buffin (2000), denoted CLB, and 

Page 11 of 57 Trends in Hearing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Moore and Lowe Progression of hearing loss after military service 12

302 those of Flamme et al. (2020), using the 50th percentile for the CLB data and the 25th (best) 

303 percentile for the data of Flamme et al., as recommended by the authors (see below for more 

304 discussion of this point). The results are shown in Figure 4. For the majority of the population 

305 studied in the present paper, the relevant age range is from 25 to 45 years. For this range, the 

306 rates of change of HTL were greatest for the CLB database and smallest for the database of 

307 Flamme et al. (2020). However, for all three databases, the rates of change of HTL for those 

308 aged 35 years, the middle of the range that is relevant here, were equal to or less than 0.39, 

309 0.54, 0.61 and 0.75 dB/year for frequencies of 3, 4, 6, and 8 kHz, respectively. These are all 

310 markedly less than the observed rates of change of HTL for small values of HTLEOS(f). 

311 Another potential problem is that the three databases discussed above were all based 

312 on cross-sectional data; longitudinal trends were inferred from those data, although the results 

313 of Flamme et al. (2020) were verified using longitudinal data. Longitudinal trends inferred 

314 from cross-sectional data often differ from longitudinal trends measured directly (Humes, 

315 2010). As noted by Flamme et al. (2020) “Cross-sectional trends are influenced by the 

316 combined effects of events (e.g. acute disorders, trauma, infection) and conditions that might 

317 be rare on the individual level (e.g. hereditary/genetic disorders) but have a collective impact 

318 on the distribution of hearing thresholds at the population level. These effects would be 

319 increasingly potent as a function of increased time at risk (i.e. correlated with age, but not an

320 inexorable effect of age). The effects would be minimal on the tail of the distribution with 

321 better hearing sensitivity and would increase as consideration moves to the opposite tail of 

322 the distribution.” That was the reason why Flamme et al. (2020) recommended the use of the 

323 25th percentile to represent longitudinal trends.

324 There are only a few studies of longitudinal changes in HTLs for younger people with 

325 little noise exposure. One relevant study is that of Pearson et al. (1995). They estimated 

326 longitudinal patterns of change in HTLs for 681 men and 416 women, all from the USA, with 

327 no evidence of otological disease, unilateral hearing loss, or NIHL. NIHL was diagnosed 

328 when the HTL at 3, 4 or 6 kHz was at least 15 dB greater than the HTL at both 2 and 8 kHz. 

329 The ages of the men ranged from 20 to 90 years and they were followed for up to 23 years. 

330 The data were fitted using a mixed-effects regression model. The fitted rates of change of 
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331 HTL in dB/year are shown by the filled circles in Figure 4. The rates of change are slightly 

332 greater than for the three databases based on cross-sectional data, but are still close to or 

333 below 1 dB/year for ages in the range 25-35 years, i.e. below the observed rates of change of 

334 HTL in our sample of military veterans for small values of HTLEOS(f). It should be noted that 

335 while Pearson et al. (1995) excluded participants whose audiograms showed evidence for 

336 NIHL, they did not exclude any participants based on a history of noise exposure during work 

337 or leisure activities. Also, although the men had occupations “generally believed to have 

338 relatively little noise exposure”, some of them would have performed military service during 

339 the years covered by the survey (the year of entry to the study was between 1965 and 1991, 

340 and the Vietnam war lasted from 1955 to 1975). The method of diagnosing NIHL used by 

341 Pearson et al. (1995) probably “missed” some cases of military noise-induced hearing loss 

342 (Moore, 2020; Lowe & Moore, 2021). Hence, the rates of change in HTL estimated by 

343 Pearson et al. (1995) are probably greater than for a fully non-exposed population.  

344 A study with a similar design and the same exclusion criteria as Pearson et al. (1995) 

345 but using a different population was conducted by Echt, Smith, Burridge and Spiro (2010). 

346 Most (88%) of the 995 men in the sample were enrolled between the ages of 30 and 59 years. 

347 The rates of change of HTL based on the longitudinal data are shown as the filled triangles in 

348 Figure 4. Again the rates of change are below 1 dB/year for those enrolled at age 30 years. 

349 Although most of the men in the study did not work in noisy occupations, it was noted that 

350 more than 90% of the sample had served in the military, and 44% saw combat, so again the 

351 rates of change in HTL estimated by Echt et al. (2010) are probably greater than for a fully 

352 non-exposed population.

353 Another relevant study is that of Karlsmose, Lauritzen, Engberg and Parving (2000). 

354 They assessed changes in HTLs over a five-year period for a Danish rural population aged 

355 31-50 years. They did not present the data separately for each audiometric frequency. 

356 However, the average rate of change of HTL for the 85 men in the sample aged 31-35 years, 

357 averaged across the frequencies 3 and 4 kHz, was 0.5 dB/year (the same for the two ears). 

358 The average HTL at baseline for these men at 3 and 4 kHz was 7.5 dB HL. The rate of 

359 change of 0.5 dB/year probably over-estimates the rate of change for a non-exposed 
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360 population since about 25% of their sample reported exposure to noise for 2 days or more per 

361 week sufficient for them to have to raise their voice in order to be heard. Despite this, the rate 

362 of change was smaller than observed in the present study for small values of HTLEOS(f).

363 Finally, a longitudinal study of Kim, Lee, Moon and Park (2019) is relevant. They 

364 assessed changes in HTL over a nine year period for Koreans screened to exclude otological 

365 diseases but not screened to exclude those with high noise exposure. For those enrolled in the 

366 study in their 20s and 30s, the mean estimated rate of change of HTL for men at 8 kHz was 

367 about 0.53 dB/year and the mean HTL at baseline was about 17 dB HL. Again, the rate of 

368 change found by Kim et al. (2019) is smaller than observed in the present study for small 

369 values of HTLEOS(f). 

370 It can be concluded that, regardless of the reference database that is used, the data 

371 support the hypothesis that for frequencies where the NIHL at the end of military service is 

372 mild, exposure to noise during military service accelerates the subsequent progression of 

373 hearing loss. 

374

375 Discussion
376 The results of the analyses support the hypothesis that for frequencies where the 

377 NIHL at the end of military service is mild or absent, exposure to noise during military 

378 service accelerates the subsequent progression of hearing loss. In contrast, for frequencies 

379 where the NIHL is moderate or severe at the end of military service, the prior noise exposure 

380 has no effect on or slows the subsequent progression of hearing loss. This is consistent with 

381 existing data, as reviewed in the introduction (Macrae, 1971; Macrae, 1991; Xiong et al., 

382 2014; Kim et al., 2017; Moore, 2021). These findings have important implications for the 

383 assessment of claims for compensation for the effects of noise exposure during military 

384 service. Some military personnel have near-normal audiograms close to the end of military 

385 service but develop hearing loss after several years have elapsed. It is often argued that the 

386 hearing loss at the time of the claim cannot be attributed to the effects of noise exposure 

387 during military service, because the audiogram obtained at the end of military service was 

388 near-normal. The present results indicate that this argument is not valid. 
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389 Some limitations of the study should be noted. Firstly, the men studied were all 

390 claiming compensation for NIHL incurred during military service. This sample may not be 

391 fully representative of the general population of military veterans. Also, the sample studied 

392 was relatively small. It would be desirable to assess the hypothesis using a larger 

393 representative sample of military veterans. 

394 Another limitation is that there was no control group of age-matched non-exposed 

395 men with similar demographics. Rather, the rate of change of HTL expected for each man in 

396 the sample was estimated using the 50th percentile in ISO 7029 (2017). It might be argued 

397 that the populations on which ISO 7029 (2017) was based were more carefully screened than 

398 the sample studied in this paper. For example, the audiograms for people who reported the 

399 use of hearing protection were excluded from ISO 7029 (2017). However, for men in the age 

400 range 25 to 45 years, which applies to the majority of the sample studied in this paper, the 

401 observed rates of change of HTL with increasing age for those with near-normal HTLs at the 

402 end of military service were greater than expected based on several other databases (Echt et 

403 al., 2010; Pearson et al., 1995; Coles et al., 2000; Karlsmose et al., 2000; Flamme et al., 

404 2020). Furthermore, as discussed earlier, two of these other databases included some men 

405 who had performed military service. It seems likely that for non-noise exposed men aged 30-

406 40 years and with audiometric thresholds below 10 dB HL, the expected rate of change  of 

407 HTL is 0.5 dB/year or less for frequencies from 3 to 8 kHz. This is markedly smaller than 

408 observed here for noise-exposed men with audiometric thresholds in the range 5 to 10 dB 

409 HL at the end of military service.

410 The reason for the accelerated progression of hearing loss following the end of noise 

411 exposure when the hearing loss at the end of military service is mild or absent is not clear. A 

412 possible explanation comes from the concept of a “cochlear reserve”, as described in the 

413 introduction. Studies of animals have shown that a certain amount of damage to the OHCs 

414 can occur with little or no change in the threshold for detecting sounds (Evans & Harrison, 

415 1976; Harrison & Evans, 1979; Dallos & Harris, 1978). Consistent with this, measures of 

416 DPOAEs, which are thought to reflect the integrity of the OHCs, decline with increasing age 

417 from 30 years onwards and these declines are not matched by changes in audiometric 

Page 15 of 57 Trends in Hearing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Moore and Lowe Progression of hearing loss after military service 16

418 thresholds (Poling, Siegel, Lee, Lee & Dhar, 2014; Glavin, Siegel & Dhar, 2021). Glavin et 

419 al. (2021) concluded that cochlear decline begins in the third decade of life, is greatest at the 

420 cochlear base, and cannot be detected fully by the audiogram. 

421 A common consequence of noise exposure is tinnitus (Yankaskas, 2013; Griest-Hines, 

422 Bramhall, Reavis, Theodoroff & Henry, 2021). Tinnitus is thought to be associated with 

423 damage to the cochlea, even for those with normal audiograms (Schaette & McAlpine, 2011). 

424 Job, Raynal and Kossowski (2007) tested normal-hearing pilots aged 25–35 years with 8 ± 5 

425 years of aircraft noise exposure, of whom 23% reported tinnitus after flight missions while 

426 77% did not. The group with tinnitus had lower DPOAEs in the frequency range 1.5 to 2.8 

427 kHz than the group without tinnitus. However, there was no difference between groups in 

428 their HTLs for frequencies up to 3 kHz. Job et al. (2007) concluded that their study provided 

429 evidence of OHC dysfunction in subjects with normal audiograms who had been exposed to 

430 noise and were susceptible to tinnitus.

431 The concept of the cochlear reserve probably applies also to the function of 

432 IHCs/synapses/neurons, but in a different way. Substantial damage to the IHCs, or to the 

433 synapses between the IHCs and the neurons that make up the auditory nerve, can occur with 

434 little effect on the detection threshold (Lobarinas, Salvi & Ding, 2013; Sergeyenko, Lall, 

435 Liberman & Kujawa, 2013). Probably, only a very few IHCs/synapses/neurons are sufficient 

436 to allow detection of a sound (Vinay & Moore, 2010; Oxenham, 2016). Hence, the audiogram 

437 is likely to be almost unaffected by loss of function of IHCs/synapses/neurons until the loss 

438 becomes very severe. Noise exposure can accelerate the progression of synaptopathy with 

439 increasing age (Fernandez et al., 2015), and after some time this may lead to sufficient loss of 

440 IHCs/synapses/neurons to affect audiometric thresholds. 

441 Overall, these findings suggest that the cochlea has a certain “spare capacity” and can 

442 sustain some damage with only a small or no effect on the audiogram. However, once the 

443 reserve is sufficiently depleted, further minor damage associated with aging may produce a 

444 substantial worsening in the audiogram. It is also possible that depletion of the cochlear 

445 reserve is partly responsible for the frequent occurrence of problems in understanding speech 

446 in noise among former military personnel with normal or near-normal audiograms (Billings, 

Page 16 of 57Trends in Hearing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Moore and Lowe Progression of hearing loss after military service 17

447 Dillard, Hoskins, Penman & Reavis, 2018; Grant, Kubli, Phatak, Galloza & Brungart, 2021).

448 Individual variability in the progression of hearing loss following the end of military 

449 service was substantial. The partly reflects errors of measurement of the HTLs. However, 

450 some individuals with little or no hearing loss at the end of military service showed a marked 

451 acceleration of the subsequent progression of hearing loss for most audiometric frequencies, 

452 while others showed little or no progression for any frequency. The origin of these large 

453 individual differences is unknown.

454 The data and analyses presented in this paper were exclusively concerned with the 

455 effects of noise exposure during military service. Such noise exposure typically includes both 

456 intense impulsive sounds, such as rifle shots and the sound of artillery fire or mortars, and 

457 more steady sounds, such as vehicle and aircraft noise (Jokel et al., 2019). It remains unclear 

458 whether exposure to intense steady sounds, as occurs in some factories, can also lead to an 

459 acceleration of the progression of hearing loss after the exposure has ceased. Studies with 

460 mice support this possibility (Kujawa & Liberman, 2006; Fernandez et al., 2015). However, 

461 those studies used relatively short duration exposures (2 hours), which were sufficiently 

462 intense to produce synaptopathy. It is not known whether longer-term exposure to moderately 

463 intense steady noise can lead to an accelerated progression of hearing loss. Also, while 

464 impulsive sounds appear to be more damaging to the ear than steady sounds with the same 

465 energy (Zhang et al., 2021), it is not known whether exposure to moderately intense 

466 impulsive sounds (e.g. hammering) is more likely to accelerate the progression of hearing 

467 loss than exposure to steady sounds with the same overall energy. Finally, it is not known 

468 whether exposure to intense sounds at rock concerts or discotheques has the potential to 

469 accelerate the progression of hearing loss with increasing age. More research on these issues 

470 is clearly needed. 

471  

472 Summary and Conclusions
473 This paper tested the hypothesis that for frequencies where NIHL at the end of 

474 military service is mild or absent, exposure to noise during military service accelerates the 

475 subsequent progression of hearing loss. In contrast, for frequencies where the NIHL is 
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476 moderate or severe at the end of military service, the prior noise exposure has little or no 

477 effect on or slows the subsequent progression of hearing loss. The analysis was based on new 

478 longitudinal data obtained from 29 former military personnel, all men. Audiograms obtained 

479 at the end of military service were compared with those obtained at least five years later. 

480 Rates of change of HTL in dB/year were compared with those expected from ISO 7029 

481 (2017) for a man at the 50th percentile and with those expected from several other databases. 

482 The results suggest that noise exposure during military service accelerates the progression of 

483 hearing loss for frequencies where the hearing loss is absent or mild at the end of military 

484 service, by about 1.7 dB/year on average for frequencies from 3 to 8 kHz, but has no effect 

485 on or slows the progression of hearing loss for frequencies where the HTL exceeds about 50 

486 dB HL. Acceleration, when present, appears to occur over a wide frequency range, including 

487 1 kHz, consistent with the data of Macrae (1971; 1991).  

488
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638

639 Table 1. Average expected rates of change of HTL, Rexpected(f), average actual rates 

640 of change of HTL, Ractual (f), and differences between them, shown separately for 

641 each ear and each frequency. Asterisks indicate significant differences between 

642 actual and expected rates at p < 0.05. 
643

Frequency, kHz
Ear 0.5 1 2 3 4 6 8
Left Expected rate, dB/year 0.17 0.21 0.34 0.45 0.55 0.71 0.83
Left Actual rate, dB/year 0.71 0.54 0.83 1.47 1.53 0.98 1.67
Left Difference, dB/year 0.55* 0.32* 0.49* 1.01* 0.98* 0.27 0.84*

Right Expected rate, dB/year 0.17 0.21 0.34 0.45 0.55 0.71 0.83
Right Actual rate, dB/year 0.63 0.58 1.00 1.64 1.75 1.14 1.62
Right Difference, dB/year 0.46* 0.37* 0.66* 1.19* 1.19* 0.43* 0.79*
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644 Table 2. Comparison of the mean correlations between Diff(f) and HTLEOS(f, jittered), 

645 labelled “simulated”, with the measured correlations between Ractual(f)  Rexpected(f) 

646 and HTLEOS(f), labelled “actual”.

647

Frequency, kHz

Ear 0.5 1 2 3 4 6 8

Left, simulated 0.24 0.25 0.17 0.08 0.10 0.08 0.07

Left, actual 0.52 0.42 0.35 0.28 0.38 0.54 0.46

Right, simulated 0.28 0.26 0.10 0.11 0.12 0.10 0.16

Right, actual 0.56 0.50 0.08 0.30 0.31 0.37 0.43
648
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649 Table 3. Comparison of the mean slopes of the lines fitted to the values of Diff(f) as 

650 a function of HTLEOS(f, jittered), labelled “simulated”, with the measured slopes of the 

651 lines fitted to Ractual(f)  Rexpected(f) as a function of HTLEOS(f), labelled “actual”.

652

Frequency, kHz

Ear 0.5 1 2 3 4 6 8

Left, simulated 0.014 0.014 0.003 0.004 0.001 0.001 0.001

Left, actual 0.073 0.039 0.023 0.013 0.022 0.030 0.033

Right, simulated 0.016 0.013 0.006 0.003 0.004 0.003 0.001

Right, actual 0.057 0.057 0.008 0.018 0.020 0.021 0.042

653
654
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655 Figure captions

656

657 Figure 1. The thin lines show individual audiograms obtained close to the end of 

658 military service for the left and right ears. The thick lines show the means and error 

659 bars show ± 1 standard deviation. 

660 Figure 2. Difference between the actual rate of change of HTL and the rate of 

661 change expected from ISO 7029 (2017), plotted as a function of frequency. Thin 

662 lines show the individual results and thick lines show the mean. The left and right 

663 panels shows results for the left and right ears, respectively. The error bars show ± 1 

664 standard error (SE) of the mean.

665 Figure 3. Difference between the actual rate of change of HTL and the rate of 

666 change expected from ISO 7029 (2017), plotted as a function of the HTL at the end 

667 of military service, HTLEOS(f). Each panel shows results for one frequency. Open and 

668 filled symbols show the data for the left and right ears, respectively. Correlations (r) 

669 are shown separately for each ear by the inset values in each panel. The gray lines 

670 are linear regression lines fitted to the data for the two ears combined for each 

671 frequency. 

672 Figure 4. Rate of change of HTL as a function of age, estimated from three cross-

673 sectional databases (open symbols) and two longitudinal databases (filled symbols), 

674 as indicated in the key. Each panel shows results for one frequency. 

675
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20 Abstract
21 It is traditionally believed that the effects of exposure to noise cease once the exposure itself 

22 has ceased. If this is the case, exposure to noise relatively early in life, for example during 

23 military service, should not affect the subsequent progression of hearing loss. However, 

24 recent data from studies using animals suggest that noise exposure can accelerate the 

25 subsequent progression of hearing loss. This paper presents new longitudinal data obtained 

26 from 29 former male military personnel. Audiograms obtained at the end of military service 

27 were compared with those obtained at least five years later. Rates of change of hearing 

28 threshold level (HTL) in dB/year were compared with those expected from ISO7029 (2017) 

29 for men at the 50th percentile. The results are consistent with the hypothesis that noise 

30 exposure during military service accelerates the progression of hearing loss for frequencies 

31 where the hearing loss is absent or mild at the end of military service, by about 2 1.7 dB/year 

32 on average for frequencies from 3 to 8 kHz, but has no effect on or slows the progression of 

33 hearing loss for frequencies where the hearing loss exceeds about 50 dB. Acceleration 

34 appears to occur over a wide frequency range, including 1 kHz. There remains a need for 

35 further longitudinal studies using larger sample sizes. Longitudinal studies are also needed to 

36 establish whether exposure to other types of sounds, for example at rock concerts or from 

37 work in heavy industries, affects the subsequent progression of hearing loss.

38

39 Keywords: noise exposure, military service, progression of hearing loss, noise-induced 

40 hearing loss
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42 Introduction
43 It is traditionally believed that the effects of exposure to noise cease once the 

44 exposure itself has ceased (Humes, Joellenbeck & Durch, 2006; Mirza, Kirchner, Dobie & 

45 Crawford, 2018). If this is the case, exposure to noise should not affect the progression of 

46 hearing loss with increasing age after the exposure ceases. Data from longitudinal studies of 

47 humans mostly support this common belief (Lee, Matthews, Dubno & Mills, 2005; 

48 Hederstierna & Rosenhall, 2016). However, as reviewed by Moore (2021), those studies were 

49 largely based on older people (aged 70 years or more), and even the non-noise exposed 

50 participants had substantial hearing loss at high frequencies. Furthermore, those studies 

51 included only a small proportion of military veterans; most of the noise-exposed individuals 

52 had worked in noisy factories. This paper addresses the issue of whether noise exposure 

53 during military service affects the progression of hearing loss following the end of military 

54 service. 

55 The noise occuring in many noisy work places is relatively steady, and it is typically 

56 broadband with levels of 90-110 dB SPL. Prolonged exposure to such noise typically 

57 produces a “notch” or “bulge” in the audiogram for a frequency close to 4 kHz (Passchier-

58 Vermeer, 1974; Smoorenburg, 1992). In contrast, military service often involves exposure to 

59 impulsive sounds from rifle shots, mortars, anti-tank weapons, and explosions, as well as 

60 exposure to more steady noises from vehicles and aircraft. The peak levels of the impulsive 

61 sounds encountered during military service can reach 155 dB SPL (Jokel, Yankaskas & 

62 Robinette, 2019). Furthermore, many military personnel report that they do not use hearing 

63 protection (or use it only loosely fitted) during active service (Lowe & Moore, 2021). For a 

64 given mean exposure level, impulsive sounds are more damaging to the ear than steady 

65 sounds (Henderson & Hamernik, 1986; Zhang et al., 2021). Thus, it seems reasonable to 

66 assume that the effects of noise exposure during military service may be different from the 

67 effects of exposure to steady factory noise. Consistent with this, noise exposure during 

68 military service often leads to greater hearing loss at 6 and 8 kHz than at 4 kHz (Moore, 

69 2021; Lowe & Moore, 2021). Also, exposure to steady noise typically leads to hearing loss 

70 that is similar for the two ears (Passchier-Vermeer, 1974; Smoorenburg, 1992), while 
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71 exposure to noise during military service often leads to greater hearing loss in one ear than 

72 the other, because of the asymmetric nature of the exposure (Keim, 1969; Moore, 2020; 

73 Lowe & Moore, 2021)

74 The possibility that noise exposure can accelerate the progression of hearing loss 

75 following the exposure is supported by studies using mice. Kujawa and Liberman (2006) 

76 compared the progression of hearing loss with increasing age for non-exposed mice and mice 

77 exposed to an octave-wide band of noise (8-16 kHz) with a level of 100 dB SPL for two 

78 hours. The age of the mice at the time of exposure varied from 4 to 124 weeks. Control and 

79 noise-exposed mice were housed together for post-exposure times from 2 to 96 weeks. When 

80 tested 2 weeks after exposure (using auditory brainstem responses, ABRs, to estimate 

81 detection thresholds), shifts in threshold up to 40-50 dB were found for animals that were 

82 exposed when young (4-8 weeks of age), but animals exposed at the age of 16 weeks or later 

83 showed almost no threshold shift. When tested a long time after the exposure, exposed 

84 animals, regardless of the age of exposure, showed greater hearing loss than age-matched 

85 non-exposed controls. The authors concluded that “Data suggest that pathologic but sublethal 

86 changes initiated by early noise exposure render the inner ears significantly more vulnerable 

87 to aging.”

88 In a similar study using mice (Fernandez, Jeffers, Lall, Liberman & Kujawa, 2015), 

89 the effects of two levels of noise exposure were compared. The higher exposure (an octave-

90 wide noise band for two hours at 100 dB SPL) produced permanent damage to the synapses 

91 between inner hair cells (IHCs) and primary auditory neurons (called synaptopathy, Kujawa 

92 & Liberman, 2009) without hair cell loss. The lower exposure (an octave-wide noise band for 

93 two hours at 91 dB SPL) produced neither synaptic damage nor hair cell loss. A control 

94 group with no exposure was also used. Cochlear function was assessed from 1 hour to about 

95 20 months after exposure via distortion product otoacoustic emissions (DPOAEs, which 

96 provide a measure of outer hair cell, OHC, function, Kemp, 1978) and ABRs. The 100 dB 

97 SPL noise led to threshold shifts of 35-50 dB 24 hours after exposure. After two weeks, 

98 thresholds recovered, but synaptic counts and ABR amplitudes at high frequencies were 

99 reduced by up to 45%. About 20 months after exposure, thresholds were up to 18 dB greater 
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100 for the group with synaptopathy than for the other two groups. OHC OHC losses worsened 

101 over the same time frame. The group receiving the lower exposure did not show acceleration 

102 of synaptic loss or cochlear dysfunction with increasing age up to about 1 year after exposure. 

103 The authors concluded that “Therefore, interactions between noise and aging may require an 

104 acute synaptopathy, but a single synaptopathic exposure can accelerate cochlear aging”. 

105 Moore (2021) argued that mild to moderate hearing loss is usually primarily a 

106 consequence of loss of function of the OHCs. A certain amount of damage to the OHCs can 

107 occur with little or no change in the detection threshold (Evans & Harrison, 1976; Harrison & 

108 Evans, 1979; Dallos & Harris, 1978). This is consistent with the concept of a “cochlear 

109 reserve”; the cochlea can sustain some damage without loss of function as revealed by the 

110 audiogram, but once the reserve is sufficiently depleted effects in the audiogram become 

111 apparent. If hearing loss approaching 55 dB is present at some frequencies at the end of a 

112 noise exposure, this could be due primarily to near-complete loss of function of OHCs. In this 

113 case, acceleration of the subsequent progression of hearing loss due to further OHC damage 

114 is not expected. In contrast, if the hearing loss at the end of noise exposure is slight or mild at 

115 some frequencies, then there is scope for acceleration of the subsequent progression of 

116 hearing loss at those frequencies due to further damage to OHCs. This led Moore (2021) to 

117 propose the following hypothesis: For frequencies where the noise-induced hearing loss 

118 (NIHL) at the end of military service is mild, exposure to noise during military service 

119 accelerates the subsequent progression of hearing loss. In contrast, for frequencies where the 

120 NIHL is moderate or severe at the end of military service, the prior noise exposure has little 

121 or no effect on or even slows the subsequent progression of hearing loss.

122 There are three published studies that are directly relevant to this issue. Macrae (1971; 

123 1991) compared the hearing threshold levels (HTLs) of military veterans obtained close to 

124 the end of military service and after an interval of several years, for frequencies of 1 and 4 

125 kHz. Moore (2021) conducted a re-analysis of those data. The rates of change of HTL 

126 following the end of military service were compared with those expected from ISO 7029 

127 (2017), which is a current standard based on a large population who were carefully screened 

128 to exclude noise-exposed individuals. The rates of change of HTL reported by Macrae tended 
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129 to increase with increasing age (and increasing hearing loss), but the progression was 

130 somewhat irregular. To smooth the data, a linear regression line was fitted to the rate of 

131 change as a function of age, and the fitted line was used to predict the rate of change for each 

132 age group. At 1 kHz, a frequency for which hearing loss at the end of military service was 

133 small or absent, the observed rate of change of HTL was greater than predicted from ISO 

134 7029 (2017), regardless of age group. At 4 kHz, a frequency for which there was some 

135 hearing loss at the end of military service, the observed rate of change of HTL was greater 

136 than predicted from ISO 7029 (2017) for the younger age groups (who had on average small 

137 hearing losses) but was smaller than predicted from ISO 7029 (2017) for the older age groups 

138 (who had on average larger hearing losses). Moore (2021) concluded that the results were 

139 consistent with his hypothesis. 

140  The other two studies that are relevant to the hypothesis (Xiong, Yang, Lai & Wang, 

141 2014; Kim, Lim, Kim & Park, 2017) were both cross-sectional rather than longitudinal in 

142 design, which limits the conclusions that can be drawn. Also, both studies had some design 

143 limitations, as discussed by Moore (2021). Nevertheless, the results of both studies support 

144 the hypothesis that for frequencies where the NIHL at the end of military service is mild, 

145 exposure to noise during military service accelerates the subsequent progression of hearing 

146 loss.

147 The present paper presents new longitudinal data from former military personnel. 

148 Audiograms obtained at the end of military service were compared with those obtained at 

149 least five years later. Rates of change of HTL in dB/year were compared with those expected 

150 from ISO 7029 (2017) for men at the 50th percentile.

151

152 Longitudinal Study of Changes in HTL Following the End 
153 of Military Service
154 Study Sample 

155 Data were available for 29 UK male military veterans, most of whom had served in 

156 the army. Their age at entry to military service ranged from 16 to 24 years. Their age at the 

157 end of military service ranged from 23 to 44 years; 5 were aged 23-25, 6 were aged 26-30, 5 
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158 were aged 31-35, 4 were aged 36-40, and 9 were aged 41-44 years. All had HTLs better than 

159 or equal to 20 dB HL from 0.5 to 6 kHz at the start of military service (HTLs at 8 kHz were 

160 not measured for all cases). All were claiming compensation for NIHL. The claims were 

161 initiated from 5 to 20 years after the end of military service, with a mean of 10 years, a 

162 median of 10 years and a standard deviation of 6 years. They were selected from larger 

163 databases on the basis of reliable audiograms, obtained according to the standards of the 

164 British Society of Audiology (2018), being available near the end of military service and five 

165 or more years later. The time interval between the end-of-service audiogram and the later 

166 audiogram ranged from 5 to 26 27 years; the interval was 5-10 years for 8 men, 11-15 years 

167 for 9 men, 16-20 years for 6 men, 21-25 years for 4 men, and 26-27 years for 2 men. The men 

168 had a wide range of hearing losses at the end of military service for frequencies from 3 to 8 

169 kHz. Individual and mean end-of-service audiograms are shown in Figure 1. These show 

170 similar features to those published previously for cases of NIHL incurred during military 

171 service, specifically a tendency for the greatest hearing loss to occur at 6 kHz and greater 

172 hearing loss for the left than for the right ears, on average (Moore, 2020; Lowe & Moore, 

173 2021). None of the men showed any evidence of significant conductive hearing loss (air-bone 

174 gaps were 10 dB or less). None of the men had a history of exposure to ototoxic substances or 

175 medications, none had current or previous ear diseases, and none had a family history of ear 

176 disorders. All of the men reported exposure to intense impulsive sounds during military 

177 service, sometimes without hearing protection. All reported times when they had a temporary 

178 dulling of hearing and/or tinnitus, consistent with potentially damaging noise exposure 

179 (Brungart et al., 2019). All but two reported currently having tinnitus. 

180

181 Analysis Method

182 The steps in the analysis of the data were:

183 (1) For each audiometric frequency, f, (0.5, 1, 2, 3, 4, 6, and 8 kHz) and each ear separately, 

184 the end-of-service HTL, HTLEOS(f), was subtracted from the HTL obtained at least 5 years 

185 later, denoted HTLfinal(f).

186 (2) The difference obtained in step (1) was converted to the rate of change of HTL in dB/year 

Page 33 of 57 Trends in Hearing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Moore and Lowe Progression of hearing loss after military service 8

187 by dividing the difference by the elapsed time in years between the the end-of-service 

188 audiogram and the later audiogram. This rate of change is denoted Ractual (f), where f is 

189 frequency. 

190 (3) The expected audiogram for a man at the 50th percentile based on ISO 7029 (2017) was 

191 calculated for the age at end of service and the age at the date of later audiogram and the 

192 difference between the two was calculated.

193 (4) The difference obtained in step (3) was converted to the expected rate of change of HTL 

194 in dB/year by dividing the difference by the elapsed time in years between the the end-of-

195 service audiogram and the later audiogram. This rate of change is denoted Rexpected(f), where f 

196 is frequency.

197 If Ractual (f) is greater than Rexpected(f), this indicates an accelerated progression of 

198 hearing loss following the end of military service. If Ractual (f) is less than Rexpected(f), this 

199 indicates a slowing of the progression of hearing loss following the end of military service. If 

200 Ractual (f) is equal to Rexpected(f), this indicates that the noise exposure during military service 

201 had no effect on the subsequent progression of hearing loss. 

202

203 Results

204 The individual and mean values of Ractual (f)  Rexpected(f) are shown separately for 

205 each ear in Figure 12. It is clear that there was considerable individual variability. However, 

206 the mean value of Ractual (f)  Rexpected(f) (bold line in each panel) was above 0 for every 

207 audiometric frequency for both ears, indicating, on average, accelerated progression of 

208 hearing loss following the end of military service. The mean values of Rexpected(f), Ractual (f), 

209 and the differences Ractual (f)  Rexpected(f) are shown for each ear in Table 1. The differences 

210 from 0 was were more than 2 standard errors (SEs), indicating significant acceleration for all 

211 cases,  except for the left ear at 6 kHz. The difference was generally greatest for frequencies 

212 from 3 to 8 kHz, which are the frequencies for which HTLs are usually most affected by 

213 noise exposure during military service (Moore, 2020; Lowe & Moore, 2021). The small and 

214 non-significant acceleration for the left ear at 6 kHz probably reflects the fact that the HTLs 

215 at the end of service were on average greater for that case than for any other combination of 
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216 frequency and ear; see the left panel of Figure 1.  

217 If the rate of progression of hearing loss decreases with increasing hearing loss at the 

218 end of military service, then Ractual (f)  Rexpected(f) should be negatively correlated with the 

219 HTL at the end of military service, which is denoted HTLEOS(f). Figure 2 3 is a scatter plot of 

220 values of Ractual (f)  Rexpected(f) against HTLEOS(f). Each panel shows results for one 

221 frequency. The correlations between Ractual (f)  Rexpected(f) and HTLEOS(f), shown in each 

222 panel, were small but were consistently negative, for all frequencies and both ears. Based on 

223 a directional hypothesis that the correlation should be negative, for a sample of 29 cases, a 

224 correlation should be more negative than 0.31 to be significant at p < 0.05. This condition 

225 was satisfied for both ears at 4, 6 and 8 kHz, but not at 3 kHz. Since the results were similar 

226 for the two ears (open and filled circles) for each frequency, a linear regression line was fitted 

227 to the data for both ears combined for each frequency (thick gray lines). The regression lines 

228 all had negative slopes, consistent with the hypothesis that the rate of decline in HTL 

229 decreases with increasing HTLEOS(f). 

230 It is noteworthy that for values of HTLEOS(f) in the range 5 to 40 dB HL most values 

231 of Ractual (f)  Rexpected(f) were positive, i.e. for small hearing losses at the end of military 

232 servicvalues of HTLEOS(f)e the actual rate of change was mostly greater than expected. In 

233 contrast, for values of HTLEOS(f) of 50 dB HL or more, the values of Ractual (f)  Rexpected(f) 

234 were roughly equally often positive and negative. This pattern of results is consistent with the 

235 hypothesis that for frequencies where HTLEOS(f) is small, exposure to noise during military 

236 service accelerates the subsequent progression of hearing loss, while for frequencies where 

237 HTLEOS(f) is above about 50 dB HL, the prior noise exposure has no effect on or slows the 

238 subsequent progression of hearing loss. The regression lines for f = 3, 4, 6 and 8 kHz had a 

239 mean value of 1.7 dB/year at HTLEOS(f) = 0 dB HL, indicating an acceleration of about 1.7 

240 dB/year when there was no hearing loss at the end of military service.

241 A problem with the analysis described above is that the negative 

242 correlationrelationship between Ractual (f)  Rexpected(f) and HTLEOS(f) may partly occur 

243 because of random errors in HTLEOS(f). The value of HTLEOS(f) is used to calculate Ractual (f) 

244 (but with a  sign). Hence, if HTLEOS(f) is “too high” as a result of a random error, Ractual (f) 
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245 will be “too low”. Conversely, while, if HTLEOS(f) is “too low”, Ractual (f) will be “too high”. 

246 This would tend to lead to negative correlations. There will also be random errors in the value 

247 of HTLfinal(f) but these will be unrelated to HTLEOS(f). To assess the magnitude of the 

248 correlations that would be expected from random errors of measurement in HTLEOS(f) and 

249 HTLfinal(f), the following analysis was performed. 

250 For each audiometric frequency, f, the HTL for the later audiogram is denoted 

251 HTLfinal(f). The actual change in HTL from end of service to final is 

252 Changeactual(f) = HTLfinal(f)  HTLEOS(f). (1)

253 The rate of change of threshold in dB/year is 

254 Ractual(f) = Changeactual(f)/Y, (2)

255 where Y is the number of years from end of service to final. The expected end-of-service 

256 HTL for a man at the 50th percentile using ISO 7029 (2017) is denoted HTL(ISO)EOS(f) and 

257 the expected final HTL is denoted HTL(ISO)final(f). The expected change in HTL from end of 

258 service to final is

259 Changeexpected(f) = HTL(ISO)final(f)  HTL(ISO)EOS(f). (3)

260 The expected rate of change of threshold in dB/year is 

261 Rexpected(f) = Changeexpected(f)/Y. (4)

262 To assess the negative relationship between Ractual(f)  Rexpected(f) and HTLEOS(f) that 

263 would be expected based on random errors of measurement in HTLEOS(f) and HTLfinal(f), the 

264 effects of such errors were simulated assuming that Ractual(f) is independent of HTLEOS(f) and 

265 that Rexpected(f) = Ractual(f). The analysis was done separately for each ear and each frequency 

266 of the 29 cases. The steps were as follows:

267 (1) The value of Rexpected(f) was set equal to the value of Ractual(f). 

268 (2) For each frequency and each ear, the value of HTLEOS(f) was “jittered” to simulate a 

269 random error, by adding a random number drawn from a Gaussian distribution with a mean 

270 of 0 and a standard deviation of 3.8 dB. The value of 3.8 dB represents the standard deviation 

271 of the difference in HTLs for manual audiometry conducted by two different testers 

272 (Margolis, Glasberg, Creeke & Moore, 2010). The result was then rounded to the nearest 5 
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273 dB, to reflect the practice when recording an audiogram. The resulting quantity is denoted 

274 HTLEOS(f, jittered).

275 (3) A similar but independent jitter was applied to HTLfinal(f), giving HTLfinal(f, jittered), 

276 since there are also errors of measurement associated with HTLfinal(f).

277 (4) The actual minus expected rate of change in HTL from EOS to recent final was calculated 

278 as

279 Diff(f) =  [HTLfinal(f, jittered)  HTLEOS(f, jittered)]/Y  Rexpected(f). (5)

280 (5) For each frequency, the correlation was determined between Diff(f) and HTLEOS(f, 

281 jittered).

282 (6) For each frequency, the slope of the best-fitting line relating Diff(f) to HTLEOS(f, jittered) 

283 was determined

284 (7) Steps 5 and 6 were repeated for 40 realizations of the random applied jitters and the 

285 resulting correlations and slopes were averaged.

286 Table 1 2 compares the mean correlations between Diff(f) and HTLinitialHTLEOS(f, 

287 jittered) with the measured correlations between Ractual(f)  Rexpected(f) and HTLEOS(f). For 

288 frequencies from 3 to 8 kHz, and for both ears, the measured correlations weare more 

289 negative than the correlations resulting from random errors of measurement in HTLEOS(f) and 

290 HTLfinal(f).

291 Table 2 3 compares the mean slopes of the lines fitted to the values of Diff(f) as a 

292 function of HTLEOS(f, jittered) with the measured slopes of the lines fitted to Ractual(f)  

293 Rexpected(f) as a function of HTLEOS(f). For frequencies from 3 to 8 kHz, and for both ears, the 

294 measured slopes were markedly more negative than the slopes resulting from random errors 

295 of measurement. On average, the obtained slope was more negative than the simulated slope 

296 by a factor of 9.9 for the right ear and 14.8 for the left ear. 

297 To assess how the simulated correlations and slopes would be affected by the 

298 magnitude of the assumed jitter, the simulations were repeated with the jitter increased to an 

299 unrealistically high value of 7.6 dB. For frequencies from 3 to 8 kHz, and for both ears, the 

300 measured correlations remained more negative than the correlations resulting from random 

301 errors of measurement and the measured slopes remained markedly more negative than the 
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302 slopes resulting from random errors of measurement. It can be concluded that the negative 

303 measured slopes are not solely a consequence of random errors of measurement in HTLEOS(f) 

304 and HTLfinal(f). 

305 A possible objection to the analysis used to derive the results shown in Figures 2 and 

306 3 is that the populations used to produce ISO 7029 (2017) were more carefully screened than 

307 the population of military veterans studied here. To assess the importance of the reference 

308 database used, rates of change of HTL were calculated for two databases with less rigorously 

309 screened populations, namely those of Coles, Lutman and Buffin (2000), denoted CLB, and 

310 those of Flamme et al. (2020), again using the 50th percentile for the CLB data and the 25th 

311 (best) percentile for the data of Flamme et al., as recommended by the authors (see below for 

312 more discussion of this point). The results are shown in Figure 34. For the majority of the 

313 population studied in the present paper, the relevant age range is from 25 to 35 45 years. For 

314 this range, the rates of change of HTL were greatest for the CLB database and smallest for 

315 the database of Flamme et al. (2020). However, for all three databases, the rates of change of 

316 HTL for those aged from 25 to 35 35 years, the middle of the range that is relevant here, were 

317 equal to or less than 0.5139, 0.7054, 0.79 61 and 0.97 75 dB/year for frequencies of 3, 4, 6, 

318 and 8 kHz, respectively. These are all markedly less than the observed rates of change of 

319 HTL for small values of HTLEOS(f). 

320 Another potential problem is that the three databases discussed above were all based 

321 on cross-sectional data; longitudinal trends were inferred from those data, although the results 

322 of Flamme et al. (2020) were verified using longitudinal data. Longitudinal trends inferred 

323 from cross-sectional data often differ from longitudinal trends measured directly (Humes, 

324 2010). As noted by Flamme et al. (2020) “Cross-sectional trends are influenced by the 

325 combined effects of events (e.g. acute disorders, trauma, infection) and conditions that might 

326 be rare on the individual level (e.g. hereditary/genetic disorders) but have a collective impact 

327 on the distribution of hearing thresholds at the population level. These effects would be 

328 increasingly potent as a function of increased time at risk (i.e. correlated with age, but not an

329 inexorable effect of age). The effects would be minimal on the tail of the distribution with 

330 better hearing sensitivity and would increase as consideration moves to the opposite tail of 
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331 the distribution.” That was the reason why Flamme et al. (2020) recommended the use of the 

332 25th percentile to represent longitudinal trends.

333 There are only a few studies of longitudinal changes in HTLs for younger people with 

334 little noise exposure. One relevant study is that of Pearson et al. (1995). They estimated 

335 longitudinal patterns of change in HTLs for 681 men and 416 women, all from the USA, with 

336 no evidence of otological disease, unilateral hearing loss, or NIHL. NIHL was diagnosed 

337 when the HTL at 3, 4 or 6 kHz was at least 15 dB greater than the HTL at both 2 and 8 kHz. 

338 (Moore, 2020; Lowe & Moore, 2021)The ages of the men ranged from 20 to 90 years and 

339 they were followed for up to 23 years. The data were fitted using a mixed-effects regression 

340 model. The fitted rates of change of HTL in dB/year are shown by the filled circles in Figure 

341 4. The rates of change are slightly greater than for the three databases based on cross-

342 sectional data, but are still close to or below 1 dB/year for ages in the range 25-35 years, i.e. 

343 below the observed rates of change of HTL in our sample of military veterans for small 

344 values of HTLEOS(f). It should be noted that while Pearson et al. (1995) excluded participants 

345 whose audiograms showed evidence for NIHL, they did not exclude any participants based 

346 on a history of noise exposure during work or leisure activities. Also, although the men had 

347 occupations “generally believed to have relatively little noise exposure”, some of them would 

348 have performed military service during the years covered by the survey (the year of entry to 

349 the study was between 1965 and 1991, and the Vietnam war lasted from 1955 to 1975). The 

350 method of diagnosing NIHL used by Pearson et al. (1995) probably “missed” some cases of 

351 military noise-induced hearing loss (Moore, 2020; Lowe & Moore, 2021). Hence, the rates of 

352 change in HTL estimated by Pearson et al. (1995) are probably greater than for a fully non-

353 exposed population.  

354 A study with a similar design and the same exclusion criteria as Pearson et al. (1995) 

355 but using a different population was conducted by Echt, Smith, Burridge and Spiro (2010). 

356 Most (88%) of the 995 men in the sample were enrolled between the ages of 30 and 59 years. 

357 The rates of change of HTL based on the longitudinal data are shown as the filled triangles in 

358 Figure 4. Again the rates of change are below 1 dB/year for those enrolled at age 30 years. 

359 Although most of the men in the study did not work in noisy occupations, it was noted that 
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360 more than 90% of the sample had served in the military, and 44% saw combat, so again the 

361 rates of change in HTL estimated by Echt et al. (2010) are probably greater than for a fully 

362 non-exposed population.

363 Another relevant study is that of Karlsmose, Lauritzen, Engberg and Parving (2000). 

364 They assessed changes in HTLs over a five-year period for a Danish rural population aged 

365 31-50 years. They did not present the data separately for each audiometric frequency. 

366 However, the average rate of change of HTL for the 85 men in the sample aged 31-35 years, 

367 averaged across the frequencies 3 and 4 kHz, was 0.5 dB/year (the same for the two ears). 

368 The average HTL at baseline for these men at 3 and 4 kHz was 7.5 dB HL. The rate of 

369 change of 0.5 dB/year probably over-estimates the rate of change for a non-exposed 

370 population since about 25% of their sample reported exposure to noise for 2 days or more per 

371 week sufficient for them to have to raise their voice in order to be heard. Despite this, the rate 

372 of change was smaller than observed in the present study for small values of HTLEOS(f).

373 Finally, a longitudinal study of Kim, Lee, Moon and Park (2019) is relevant. They 

374 assessed changes in HTL over a nine year period for Koreans screened to exclude otological 

375 diseases but not screened to exclude those with high noise exposure. For those enrolled in the 

376 study in their 20s and 30s, the mean estimated rate of change of HTL for men at 8 kHz was 

377 about 0.53 dB/year and the mean HTL at baseline was about 17 dB HL. Again, the rate of 

378 change found by Kim et al. (2019) is smaller than observed in the present study for small 

379 values of HTLEOS(f). 

380 {Echt, 2010 #8337}It can be concluded that, regardless of the reference database that 

381 is used, the data support the hypothesis that for frequencies where the NIHL at the end of 

382 military service is mild, exposure to noise during military service accelerates the subsequent 

383 progression of hearing loss. 

384

385 Discussion
386 The results of the analyses support the hypothesis that for frequencies where the 

387 NIHL at the end of military service is mild or absent, exposure to noise during military 

388 service accelerates the subsequent progression of hearing loss. In contrast, for frequencies 
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389 where the NIHL is moderate or severe at the end of military service, the prior noise exposure 

390 has no effect on or slows the subsequent progression of hearing loss. This is consistent with 

391 existing data, as reviewed in the introduction (Macrae, 1971; Macrae, 1991; Xiong et al., 

392 2014; Kim et al., 2017; Moore, 2021). These findings have important implications for the 

393 assessment of claims for compensation for the effects of noise exposure during military 

394 service. Some military personnel have near-normal audiograms close to the end of military 

395 service but develop hearing loss after several years have elapsed. It is often argued that the 

396 hearing loss at the time of the claim cannot be attributed to the effects of noise exposure 

397 during military service, because the audiogram obtained at the end of military service was 

398 near-normal. The present results indicate that this argument is not valid. 

399 Some limitations of the study should be noted. Firstly, the men studied were all 

400 claiming compensation for NIHL incurred during military service. This sample may not be 

401 fully representative of the general population of military veterans. Also, the sample studied 

402 was relatively small. It would be desirable to assess the hypothesis using a larger 

403 representative sample of military veterans. 

404 Another limitation is that there was no control group of age-matched non-exposed 

405 men with similar demographics. Rather, the rate of change of HTL expected for each man in 

406 the sample was estimated using the 50th percentile in ISO 7029 (2017). This approach was 

407 thought to be reasonable, since the section headed “Scope” in ISO 7029 (2017) includes the 

408 statement: “The data are applicable for estimating the amount of hearing loss caused by a 

409 specific agent in a population. Such a comparison is valid if the population under study 

410 consists of persons who are otologically normal except for the effect of the specific agent. 

411 Noise exposure is an example of a specific agent”. It might be argued that the populations on 

412 which ISO 7029 (2017) was based were more carefully screened than the sample studied in 

413 this paper. For example, the audiograms for people who reported the use of hearing 

414 protection were excluded from ISO 7029 (2017). However, for men in the age range 25 to 35 

415 45 years, which applies to the majority of the sample studied in this paper, the observed rates 

416 of change of HTL with increasing age for those with near-normal HTLs at the end of military 

417 service were greater than expectedexpected rates of change of HTL with increasing age were 
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418 similar to those for ISO 7029 (2017) f based onor two several other databases, the CLB 

419 database (Echt et al., 2010; Pearson et al., 1995; Coles et al., 2000; Karlsmose et al., 2000; 

420 Flamme et al., 2020). Furthermore, as discussed earlier, it is likely thatwo oft these other 

421 databases included some men who had performed military service. It seems likely that for 

422 non-noise exposed men aged 30-40 years and with audiometric thresholds below 10 dB HL, 

423 Tthe expected rates of change for all three databases were lower than the observed rates of 

424 change for those with small hearing losses at the end of military service of HTL is 0.5 

425 dB/year or less for frequencies from 3 to 8 kHz. .This is markedly smaller than observed here 

426 for noise-exposed men with audiometric thresholds in the range 5 to 10 dB HL at the end of 

427 military service.

428 The reason for the accelerated progression of hearing loss following the end of noise 

429 exposure when the hearing loss at the end of military service is mild or absent is not clear. A 

430 possible explanation comes from the concept of a “cochlear reserve”, as described in the 

431 introduction. Studies of animals have shown that a certain amount of damage to the OHCs 

432 can occur with little or no change in the threshold for detecting sounds (Evans & Harrison, 

433 1976; Harrison & Evans, 1979; Dallos & Harris, 1978). Consistent with this, measures of  

434 (DPOAEs), which are thought to reflect the integrity of the OHCs, decline with increasing 

435 age from 30 years onwards and these declines are not matched by changes in audiometric 

436 thresholds (Poling, Siegel, Lee, Lee & Dhar, 2014; Glavin, Siegel & Dhar, 2021){Glavin, 

437 2021 #8341}. Glavin et al. (2021) concluded that cochlear decline begins in the third decade 

438 of life, is greatest at the cochlear base, and cannot be detected fully by the audiogram. 

439 A common consequence of noise exposure is tinnitus (Yankaskas, 2013; Griest-Hines, 

440 Bramhall, Reavis, Theodoroff & Henry, 2021). Tinnitus is thought to be associated with 

441 damage to the cochlea, even for those with normal audiograms (Schaette & McAlpine, 2011). 

442 Job, Raynal and Kossowski (2007) tested normal-hearing pilots aged 25–35 years with 8 ± 5 

443 years of aircraft noise exposure, of whom 23% reported tinnitus after flight missions while 

444 77% did not. The group with tinnitus had lower DPOAEs in the frequency range 1.5 to 2.8 

445 kHz than the group without tinnitus. However, there was no difference between groups in 

446 their HTLs for frequencies up to 3 kHz. Job et al. (2007) concluded that their study provided 
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447 evidence of OHC dysfunction in subjects  with normal audiograms who had been exposed to 

448 noise and were susceptible to tinnitus.

449 The concept of the cochlear reserve probably applies also to IHC function, but in a 

450 different way. The concept of the cochlear reserve probably applies also to the function of 

451 IHCs/synapses/neurons, but in a different way. Substantial damage to the IHCs, or to the 

452 synapses between the IHCs and the neurons that make up the auditory nerve, can occur with 

453 little effect on the detection threshold (Lobarinas, Salvi & Ding, 2013; Sergeyenko, Lall, 

454 Liberman & Kujawa, 2013). Probably, only a very few IHCs/synapses/neurons are sufficient 

455 to allow detection of a sound {Oxenham, 2016 #7270} Probably, only a very few 

456 IHCs/synapses/neurons are sufficient to allow detection of a sound (Vinay & Moore, 2010; 

457 Oxenham, 2016). Hence, the audiogram is likely to be almost unaffected by loss of function 

458 of IHCs/synapses/neurons until the loss becomes very severe. Noise exposure can accelerate 

459 the progression of synaptopathy with increasing age (Fernandez et al., 2015), and after some 

460 time this may lead to sufficient loss of IHCs/synapses/neurons to affect audiometric 

461 thresholds. 

462 Overall, Tthese findings may indicatesuggest that the cochlea has a certain “spare 

463 capacity” and can sustain some damage with only a small or no effect on the audiogram. 

464 However, once the reserve is sufficiently depleted, further minor damage associated with 

465 aging may produce a substantial worsening in the audiogram. It is also possible that depletion 

466 of the cochlear reserve is partly responsible for the frequent occurrence of problems in 

467 understanding speech in noise among former military personnel with normal or near-normal 

468 audiograms (Billings, Dillard, Hoskins, Penman & Reavis, 2018; Grant, Kubli, Phatak, 

469 Galloza & Brungart, 2021).

470 Individual variability in the progression of hearing loss following the end of military 

471 service was substantial. The partly reflects errors of measurement of the HTLs. However, 

472 some individuals with little or no hearing loss at the end of military service showed a marked 

473 acceleration of the subsequent progression of hearing loss for most audiometric frequencies, 

474 while others showed little or no progression for any frequency. The origin of these large 

475 individual differences is unknown.
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476 The data and analyses presented in this paper were exclusively concerned with the 

477 effects of noise exposure during military service. Such noise exposure typically includes both 

478 intense impulsive sounds, such as rifle shots and the sound of artillery fire or mortars, and 

479 more steady sounds, such as vehicle and aircraft noise (Jokel et al., 2019). It remains unclear 

480 whether exposure to intense steady sounds, as occurs in some factories, can also lead to an 

481 acceleration of the progression of hearing loss after the exposure has ceased. Studies with 

482 mice support this possibility (Kujawa & Liberman, 2006; Fernandez et al., 2015). However, 

483 those studies used relatively short duration exposures (2 hours), which were sufficiently 

484 intense to produce synaptopathy. It is not known whether longer-term exposure to moderately 

485 intense steady noise can lead to an accelerated progression of hearing loss. Also, while 

486 impulsive sounds appear to be more damaging to the ear than steady sounds with the same 

487 energy (Zhang et al., 2021), it is not known whether exposure to moderately intense 

488 impulsive sounds (e.g. hammering) is more likely to accelerate the progression of hearing 

489 loss than exposure to steady sounds with the same overall energy. Finally, it is not known 

490 whether exposure to intense sounds at rock concerts or discotheques has the potential to 

491 accelerate the progression of hearing loss with increasing age. More research on these issues 

492 is clearly needed. 

493  

494 Summary and Conclusions
495 This paper tested the hypothesis that for frequencies where NIHL at the end of 

496 military service is mild or absent, exposure to noise during military service accelerates the 

497 subsequent progression of hearing loss. In contrast, for frequencies where the NIHL is 

498 moderate or severe at the end of military service, the prior noise exposure has little or no 

499 effect on or slows the subsequent progression of hearing loss. The analysis was based on new 

500 longitudinal data obtained from 29 former military personnel, all men. Audiograms obtained 

501 at the end of military service were compared with those obtained at least five years later. 

502 Rates of change of HTL in dB/year were compared with those expected from ISO 7029 

503 (2017) for a man at the 50th percentile and with those expected from several other databases. 

504 The results suggest that noise exposure during military service accelerates the progression of 
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505 hearing loss for frequencies where the hearing loss is absent or mild at the end of military 

506 service, by about 2 1.7 dB/year on average for frequencies from 3 to 8 kHz, but has no effect 

507 on or slows the progression of hearing loss for frequencies where the HTL exceeds about 50 

508 dB HL. Acceleration, when present, appears to occur over a wide frequency range, including 

509 1 kHz, consistent with the data of Macrae (1971; 1991).  

510
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663 Table 1. Average expected rates of change of HTL, Rexpected(f), average actual rates 

664 of change of HTL, Ractual (f), and differences between them, shown separately for 

665 each ear and each frequency. Asterisks indicate significant differences between 

666 actual and expected rates at p < 0.05. 

667

Frequency, kHz
Ear 0.5 1 2 3 4 6 8
Left Expected rate, dB/year 0.17 0.21 0.34 0.45 0.55 0.71 0.83
Left Actual rate, dB/year 0.71 0.54 0.83 1.47 1.53 0.98 1.67
Left Difference, dB/year 0.55* 0.32* 0.49* 1.01* 0.98* 0.27 0.84*

Right Expected rate, dB/year 0.17 0.21 0.34 0.45 0.55 0.71 0.83
Right Actual rate, dB/year 0.63 0.58 1.00 1.64 1.75 1.14 1.62
Right Difference, dB/year 0.46* 0.37* 0.66* 1.19* 1.19* 0.43* 0.79*
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668 Table 21. Comparison of the mean correlations between Diff(f) and HTLinitialHTLEOS(f, 

669 jittered), labelled “simulated”, with the measured correlations between Ractual(f)  

670 Rexpected(f) and HTLEOS(f), labelled “actual”.

671

Frequency, kHz

Ear 0.5 1 2 3 4 6 8

Left, simulated 0.24 0.25 0.17 0.08 0.10 0.08 0.07

Left, actual 0.52 0.42 0.35 0.28 0.38 0.54 0.46

Right, simulated 0.28 0.26 0.10 0.11 0.12 0.10 0.16

Right, actual 0.56 0.50 0.08 0.30 0.31 0.37 0.43
672
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673 Table 23. Comparison of the mean slopes of the lines fitted to the values of Diff(f) as 

674 a function of HTLEOS(f, jittered), labelled “simulated”, with the measured slopes of the 

675 lines fitted to Ractual(f)  Rexpected(f) as a function of HTLEOS(f), labelled “actual”.

676

Frequency, kHz

Ear 0.5 1 2 3 4 6 8

Left, simulated 0.014 0.014 0.003 0.004 0.001 0.001 0.001

Left, actual 0.073 0.039 0.023 0.013 0.022 0.030 0.033

Right, simulated 0.016 0.013 0.006 0.003 0.004 0.003 0.001

Right, actual 0.057 0.057 0.008 0.018 0.020 0.021 0.042

677
678
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679 Figure captions

680

681 Figure 1. The thin lines show individual audiograms obtained close to the end of 

682 military service for the left and right ears. The thick lines show the means and error 

683 bars show ± 1 standard deviation. 

684 Figure 12. Difference between the actual rate of change of HTL and the rate of 

685 change expected from ISO 7029 (2017), plotted as a function of frequency. Thin 

686 lines show the individual results and thick lines show the mean. The left and right 

687 panels shows results for the left and right ears, respectively. The error bars show ± 1 

688 standard error (SE) of the mean.

689

690 Figure 23. Difference between the actual rate of change of HTL and the rate of 

691 change expected from ISO 7029 (2017), plotted as a function of the HTL at the end 

692 of military service, HTLEOS(f). Each panel shows results for one frequency. Open and 

693 filled symbols show the data for the left and right ears, respectively. Correlations (r) 

694 are shown separately for each ear by the inset values in each panel. The gray lines 

695 are linear regression lines fitted to the data for the two ears combined for each 

696 frequency. 

697 Figure 34. Rate of change of HTL as a function of age, for estimated from three 

698 cross-sectional databases (open symbols) and two longitudinal databases (filled 

699 symbols), as indicated in the key. Each panel shows results for one frequency. 

700
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Figure 1. The thin lines show individual audiograms obtained close to the end of military service for the left 
and right ears. The thick lines show the means and error bars show ± 1 standard deviation. 
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Figure 2. Difference between the actual rate of change of HTL and the rate of change expected from ISO 
7029 (2017), plotted as a function of frequency. Thin lines show the individual results and thick lines show 
the mean. The left and right panels shows results for the left and right ears, respectively. The error bars 

show ± 1 standard error (SE) of the mean. 
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Figure 3. Difference between the actual rate of change of HTL and the rate of change expected from ISO 
7029 (2017), plotted as a function of the HTL at the end of military service, HTLEOS(f). Each panel shows 
results for one frequency. Open and filled symbols show the data for the left and right ears, respectively. 
Correlations (r) are shown separately for each ear by the inset values in each panel. The gray lines are 

linear regression lines fitted to the data for the two ears combined for each frequency. 
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Figure 4. Rate of change of HTL as a function of age, estimated from three cross-sectional databases (open 
symbols) and two longitudinal databases (filled symbols), as indicated in the key. Each panel shows results 

for one frequency. 
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