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55 Abstract

56 Context: With age, testosterone (T) and physical activity levels often decline in parallel. The 

57 effect of combining T treatment and exercise training on ambulatory blood pressure (ABP) is 

58 unclear.

59 Objective: To assess T and exercise effects, alone and in combination, on ABP in men aged 50-

60 70yrs, waist circumference ≥95cm and low-normal serum T (6-14nmol/L), without organic 

61 hypogonadism. 

62 Design: 2x2 factorial randomised, placebo-controlled study

63 Intervention: Randomisation to daily transdermal AndroForte5® (Testosterone 5.0%w/v, 100mg 

64 in 2mL) cream (T), or matching placebo (P) (double-blind), and to supervised exercise (Ex) or no 

65 additional exercise (NEx), for 12-weeks.

66 Results: Average 24-hr SBP increased with T treatment (testosterone*time, P=0.035).  Average 

67 24-hr SBP increased in T+Ex (T+Ex:+3.0 vs P+NEx: -3.0mmHg, P=0.026) driven by day-time 

68 changes (T+Ex:+3.5 vs P+NEx: -3.0mmHg, P=0.026). There was an effect of T for 24-hr average 

69 DBP (testosterone*time, P=0.044) driven by the decrease in P+Ex (P+Ex: -3.9 vs T+NEx: -

70 0.5mmHg, P=0.015). Night-time DBP was lower with exercise (P+Ex:  -4.0 vs P+NEx: 

71 +0.7mmHg, P=0.032). The effect of exercise to lower night-time DBP was not apparent in the 

72 presence of T (T+Ex: -0.4 vs P+NEx: +0.7mmHg, P>0.05). Ex increased average 24-hr pulse 

73 pressure (PP, exercise*time, P=0.022), largely during daytime hours (exercise*time, P=0.013).

74 Conclusions: There was a main effect of T to increase 24hr SBP, primarily seen when T was 

75 combined with Ex. Exercise alone decreased 24-hr and night-time DBP; an effect attenuated by T. 

76 BP should be carefully assessed, and monitored, when prescribing T treatment to middle-aged and 

77 older men, especially when combined with exercise training. 
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78 INTRODUCTION

79 High blood pressure (BP) is an important and modifiable risk factor for cardiovascular mortality.1 

80 The prevalence of hypertension increases with age, and is forecast to affect more than 1.5 billion 

81 people by 2025.1, 2 Physical activity levels decrease with age, predisposing individuals to frailty 

82 and loss of independence.3 Regular exercise is therefore strongly endorsed by peak bodies to 

83 improve fitness and BP while reducing all-cause mortality.4-6

84

85 In older men, the combination of low physical activity and low testosterone (T) levels has been 

86 associated with a higher risk of cardiovascular death.7 Prescriptions of T have increased 

87 substantially in the past two decades,8 driven by the notion that age-related decline in T 

88 concentration should be ameliorated. This has occurred despite ongoing controversy regarding the 

89 safety of T treatment in men without disorders of the hypothalamic-pituitary-testicular axis.9 To 

90 date, no study has been adequately powered to assess the effect of T treatment on incident 

91 cardiovascular (CV) events. It is therefore relevant to assess the effect of T treatment on major 

92 preventable risk factors for CV disease, including BP.

93

94 The effect of exercise to lower BP is well-established,10, 11 whether using single occasion 

95 assessment of BP (“office BP”) or 24-hour ambulatory blood pressure (ABP), a measure with 

96 higher prognostic accuracy.12 However, the association of circulating T with BP is less clear. 

97 Cross-sectional and observational studies have reported inverse associations between T 

98 concentrations and office BP,13, 14 while others have reported no association.15, 16 Results from 

99 interventional studies of T treatment are also heterogeneous, demonstrating both improvements in 

100 systolic BP (SBP), diastolic BP (DBP) and resting heart rate (HR),17, 18 as well as no change in 

101 these parameters.19 However, these studies have often been limited by use of office BP readings 

102 and variability in the characteristics of men studied and doses of T employed. 

103

104 No study, to our knowledge, has assessed the effect of combining T treatment and exercise 

105 training on ABP in middle-to-older aged men. Therefore, we tested the hypothesis that the 

106 combination of T treatment and supervised exercise training would confer additive benefits to 

107 improve BP, assessed using 24-hr ABP, in middle-to-older aged men with low-normal baseline T 

108 concentrations. This was not a study of T replacement in hypogonadal men, but a study of T as a 

109 pharmacological intervention in conjunction with exercise training. We used a 2x2 factorial A
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110 analysis to examine additive versus attenuation effects between our interventions. We also 

111 compared the results obtained using ABP with office BP.

112

113 Participants and Methods

114 Participants

115 Community dwelling men aged 50–70years were recruited from the metropolitan area of Perth 

116 (Western Australia) between February 2016 and February 2018 through local radio advertisements 

117 and hospital staff newsletters. Telephone pre-screening questionnaires excluded men with known 

118 cardiovascular disease or any other clinically significant illness (e.g. cancer, lung disease, 

119 dementia). Men with diabetes on sulfonylurea or insulin therapy were excluded as were men who 

120 had previously, or currently, been taking testosterone treatment or medications which would alter 

121 testosterone concentrations. Men planning on fathering children in the 3years following the study 

122 were excluded. If eligible following the telephone screening, a screening blood test form was 

123 mailed out. Men were invited to attend a face-to-face clinic visit if the following pre-screening 

124 inclusion criteria were met: fasting serum testosterone level between 6-14nmol/L, total cholesterol 

125 ≤7.0mmol/L or LDL≤4.0 mmol/L, eGFR≥45ml/min with normal hematocrit and prostate specific 

126 antigen (PSA), and no significant liver abnormality. Men with baseline T <6nmol/L were not 

127 recruited for the study but were encouraged to see their own doctor for further investigation. 

128 Conversely, based on our previous epidemiological study,20 men with baseline T >14nmol/L were 

129 excluded as they were deemed to be less likely to benefit from exogenous T supplementation. Our 

130 entry criteria are also in line with previous studies of T supplementation for cardiovascular and 

131 health benefit.21, 22

132

133 At the initial clinic attendance, written informed consent was obtained and medical history 

134 reviewed by an endocrinologist who also performed a physical examination. The physical 

135 examination included assessment of visual fields, waist circumference, and distribution body hair, 

136 muscle and fat, measurement of testicular volumes using an orchidometer, and digital rectal 

137 examination of the prostate. Exclusion criteria for the study included a clinical indication of 

138 pituitary or testicular disease, or presence of a prostate tumour. Once waist circumference was 

139 confirmed as ≥95cm with office BP ≤150/95mmHg, participants underwent a graded exercise 

140 fitness test to volitional exhaustion. Based on 12-lead ECG reporting, this test also served to 

141 screen for men with occult obstructive coronary artery disease.A
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142

143 Study design

144 This study was a 12-week 2x2 factorial randomised, placebo-controlled trial that conformed to the 

145 Helsinki Declaration. It was approved by the South Metropolitan Health Service Human Research 

146 Ethics Committee and prospectively registered (09-06-2015) with the Australian New Zealand 

147 Clinical Trials Registry (ACTRN12615000600549). Ambulatory BP was a secondary outcome of 

148 the primary study that was powered to assess changes in aerobic fitness (data reported elsewhere). 

149 An independent statistician, who was not involved in any other capacity, generated the 

150 randomisation sequence. Further details on randomisation and group allocation are provided in the 

151 online supplement. Participants were randomised to either T or placebo (P) and within each of 

152 those arms to exercise training (Ex) or no additional exercise (NEx) resulting in 4 groups T+Ex, 

153 T+NEx, P+Ex, P+NEx. Participants and investigators were blinded to the drug treatment and 

154 researchers who assessed outcomes were blinded to the drug and exercise treatment allocations. 

155 All men were asked to maintain usual dietary habits throughout the study. 

156

157 Testosterone vs placebo (T/P) intervention. 

158 AndroForte5® (Testosterone 5.0% w/v, 100mg/2mL) cream or matching placebo (aqueous cream 

159 of identical appearance and texture containing no active ingredients) was prescribed at a dose of 

160 2mL applied transdermally to the torso daily, for 12-weeks. The product was supplied as a white 

161 oil-in water cream in 50mL tubes, along with a needleless syringe to draw up the correct amount 

162 of cream prior to application. Participants were required to complete a daily treatment diary for 

163 assessment of adherence to the treatment. 

164

165 Exercise training vs no additional exercise (Ex/NEx) intervention

166 The supervised exercise program was conducted in a dedicated research gymnasium at Fiona 

167 Stanley Hospital, Perth, Western Australia. The exercise circuit consisted of eight lower and upper 

168 body machine-based resistance exercises alternated with eight aerobic exercise (cycling) stations. 

169 Each exercise was performed for 45s, with 15s intervals to facilitate movement between stations. 

170 Further details of the exercise program are provided in the online supplement.

171
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173 Outcome measures

174 Ambulatory blood pressure monitoring

175 On a non-exercise day, participants presented to the laboratory and were fitted with an ambulatory 

176 blood pressure monitoring device (ABPM 6100, Welch Allyn, USA). Participants were instructed 

177 on how to fit the device and to sleep with the device on. The ABPM device was programmed to 

178 collect BP and HR measurements every 15-mins during  daytime and every 30-mins during night-

179 time (10pm-6am) over 26hrs. Participants were instructed to maintain their usual daily activities 

180 while wearing the monitor. 

181

182 Office blood pressure

183 Following 20mins of supine rest in a, quiet and temperature-controlled room, a series of three 

184 blood pressure measurements (taken 1 minute apart) were measured using the automated 

185 SphygmoCor XCEL (AtCor Medical, Sydney, Australia). The average of three readings was 

186 calculated automatically and recorded.

187

188 Blood sampling and safety monitoring

189 As part of the initial screening process, a blood sample was used to ascertain T levels in the 

190 participants (‘screening T’). After randomisation into the study and pre-intervention testing was 

191 complete, blood samples were collected immediately prior to commencement of the intervention 

192 (‘baseline T’) and again at Week 12. All blood samples were collected in the morning following 

193 an overnight fast. Baseline and week 12 samples were stored at -80°C and assayed on completion 

194 of the study. Details of hormone assays are provided in the online supplement, including 

195 measurement of T using mass spectrometry. Safety monitoring included a full blood count and 

196 PSA assessment at week 6. These results were reviewed by a blinded independent endocrinologist 

197 who acted as the safety monitor for the study. 

198

199 Statistical analysis

200 Data were analysed using SPSSv23 (IBM Australia Ltd, New South Wales, Australia) and 

201 STATAv15 (StataCorp, College Station, Texas) by a professional statistician independent of the 

202 study. To assess the effect of the interventions on changes in ABP and office BP, a complete case A
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203 analysis was conducted. Men were analysed according to original randomised group allocation 

204 and included in the analysis if ABP data both at baseline and Week12 were available (n=53). Due 

205 to the correlated and repeated measure nature of the data, separate linear mixed models were used 

206 to investigate the relationships between ABP variables, testosterone, exercise and time, while 

207 accounting for age and interactions between testosterone, exercise and time. A random intercept 

208 was included in each model to account for the repeated nature of the data. For all analyses, three-

209 way interactions (testosterone*exercise*time) and main effects (testosterone*time, exercise*time) 

210 were calculated. Group means and 95% confidence intervals (95% CI) are provided for each group 

211 (T+Ex, P+Ex, T+NEx, P+NEx) and timepoint (baseline and 12-weeks). Each intervention group 

212 (T+Ex, P+Ex and T+NEx) was compared with the group that received no intervention (P+NEx). 

213 Statistical significance was set at p≤0.05. 

214

215 RESULTS

216 Baseline characteristics 

217 Eighty men were randomised into the primary study with 73/80 (91%) completing the intervention 

218 phase. Reasons for study non-completion included injuries unrelated to the study (n=2), work 

219 commitments (n=2), coincidental medical issues (n=1), a hypertensive response to strength testing 

220 (n=1) and participant preference to not proceed (n=1). Retention rates in each of the groups were 

221 as follows: T+Ex: 81%, T+NEx: 53%, P+Ex: 60%, P+NEx: 70%). T adherence was defined as the 

222 number of medication applications divided by the number of days in the study. Based on 

223 participants’ daily treatment diary, treatment adherence was 97.6% and exercise adherence 

224 (minimum 2, maximum 3 sessions per week) was 96.5% and were similar across groups. In order 

225 to accurately assess the effect of the intervention, only participants with complete ABP data at 

226 baseline and week 12 (n=53) were included in the analysis, with the study flow chart shown in 

227 Supplementary Figure S1. Reasons for ABP attrition included participants declining to undergo 

228 the end-of-study ABPM (n=8) and technical issues at either baseline or Week 12 (n=12). No 

229 participants in the current study (n=53) experienced any serious adverse events. Biochemistry 

230 could not  be collected from one participant at Week 12 (T+Ex). There were no differences in 

231 baseline characteristics of the 53 participants analysed in the current study and the 27 participants 

232 lost to the ABP outcome measure (Supplementary Table S1). On average (± SD), men in the 

233 current study (n=53) were almost entirely of Caucasian descent, aged 59.2 ± 4.9 years, weighed 

234 103.1 ± 14.7kgs with a BMI of 32.9 ± 3.7 kg/m2 and 21/53 (39.6%) were on prescribed anti-A
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235 hypertensive medication. The number of men on anti-hypertensive medication did not differ 

236 between groups (P=0.752) and none of these medications were altered during the study. There 

237 were no differences in baseline characteristics across the four study groups (Table 1). 

238

239 Biochemistry on treatment

240 At week 12, serum T significantly increased in both T groups (testosterone*time, P=0.046, Table 

241 2) compared to P+NEx (T+Ex: +2.9 vs P+NEx: -1.3nmol/L, P=0.006; T+NEx: +2.2 vs P+NEx -

242 1.3nmol/L, P=0.038). P+Ex was not different to any other group (P>0.05). Following 12-weeks of 

243 T, 75% and 50% of men in the T+Ex and T+NEx groups, respectively, increased their T 

244 >14nmol/L compared to 50% and 7% in the P+Ex and P+NEx groups. At week 12, LH levels 

245 decreased significantly in both T groups when compared to placebo groups (LH*time, P<0.001). 

246 The combination of T+Ex decreased LH (-2.78IU/L) compared to both placebo groups (P+Ex: -

247 0.05, P<0.001, P+NEx: +0.27IU/L, P<0.001). T alone also decreased LH (-1.70IU/L) compared to 

248 both placebo groups (P+Ex: P=0.006; P+NEx: P=0.001). There were no discernible SHBG 

249 changes at any timepoint for any group (all P>0.05). Safety bloods at Week 6 indicated PSA was 

250 higher in T-treated groups compared to placebo groups (testosterone*time, P=0.038). No 

251 participants were flagged by the data safety monitor for elevated PSA or Hct values.

252

253 Anthropometric variables

254 There were no significant main effects or interactions for weight, BMI or waist girth following the 

255 12-week intervention (Table 2).

256

257 Ambulatory BP

258 Systolic blood pressure (SBP)

259 Our 2 x 2 factorial analysis enabled assessment of additive versus attenuation effects between our 

260 interventions (Table 3). There was a main effect of T for 24-hr SBP (testosterone*time, P=0.035). 

261 Individual data plots showed higher 12week values for 24-hr SBP and day time SBP in T-treated 

262 men (Supplementary Figure S2). When changes in 24-hr ABP for individual men were presented 

263 as line graphs, men in the T+Ex group had stable or increased 24-hr SBP, men in the P+Ex group 

264 had stable or reduced 24-hr SBP, with a mix of stable, increased and reduced values in T+NEx and 

265 P+NEx groups (Supplementary Figure S3). Mean change in 24-hour SBP was different in T+Ex 

266 compared to P+NEx groups (+3.0 vs -3.0mmHg respectively, P=0.026, Figure 1A). This A
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267 relationship was also evident in the day-time averages (T+Ex: +3.5 vs P+NEx: 3.0 mmHg, 

268 P=0.026, Figure 1D). Neither P+Ex nor T+NEx differed significantly from P+NEx (Figure 1D) 

269 and there were no significant differences between groups at night (Figure 1G). As the degree of 

270 rise in T levels may vary between individuals dependent on factors such as absorption rate, we 

271 assessed correlations between change in 24hr SBP and change in T but did not uncover any 

272 significant correlations in either of the T groups (T+Ex: r = -0.198, P = 0.447; T+NEx: r = 0.517, 

273 P = 0.126; combined T+Ex + T+NEx:  r = -0.03, P = 0.876).

274

275 Diastolic blood pressure (DBP)

276 Across the 24-hrs, there was a main effect of T on DBP (testosterone*time, P=0.044, Table 3). 

277 Individual data plots showed lower 12week values for DBP men following exercise, in P but not T 

278 groups (Supplementary Figure S2). When changes for individual men were presented as line 

279 graphs, DBP tended to be stable or decreased in P+Ex men, with mixed responses in the other 

280 groups (Supplementary Figure S3). Mean change in 24-hr DBP was different in P+Ex compared 

281 to T+NEx groups (P+Ex: -3.8 vs T+NEx: +0.5mmHg, P=0.015, Figure 1B).  Between the two 

282 placebo groups, those that exercised had lower night-time DBP than non-exercisers (P+Ex: -4.0 vs 

283 P+NEx: +0.7mmHg, P=0.032, Figure 1H). This pattern of lower night-time DBP in men from the 

284 P+Ex group, was not seen in men from the T+Ex group (Night DBP: T+Ex: -0.4 vs P+NEx: 

285 +0.7mmHg, P=0.6, Figure 1H).  For day-time DBP, there wee no differences between groups (all 

286 P>0.05, Figure 1E).

287

288 Pulse pressure (PP)

289 There was an exercise effect for 24-hr PP (exercise*time, P=0.022, Table 3). Individual data plots 

290 showed higher 12week values for 24-hr and daytime PP in men following exercise 

291 (Supplementary Figure S2). When changes for individual men were presented as line graphs, PP 

292 tended to be stable or increase in men undertaking exercise training with mixed responses in other 

293 groups (Supplementary Figure S3). Mean change in PP was different in T+Ex compared to 

294 P+NEx groups (T+Ex: +4.2 vs P+NEx -1.2mmHg, P=0.002, Figure 1C). This relationship was 

295 strengthened in the daytime analysis (exercise*time, P=0.013; T+Ex: +4.9 vs P+NEx -1.3mmHg, 

296 P=0.001, Figure 1F). During night-time hours, there were no differences between groups (all 

297 P>0.05, Figure 1I). 
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299 Heart rate (HR) and nocturnal dipping

300 There were no main effects for HR or SBP and DBP nocturnal dipping (all P>0.05, Table 3).

301

302 Office BP

303 There was an exercise effect for office-based HR (exercise*time, P=0.002, Table S2). HR 

304 decreased significantly in P+Ex (-5.8bpm) compared to all remaining groups T+Ex: -0.7, P=0.025, 

305 T+NEx: +2.9, P=0.001 and P+NEx: -0.9bpm, P=0.005). For office SBP, DBP and PP, there were 

306 no differences between groups (all P>0.05).

307

308

309 DISCUSSION

310 The aim of this study was to compare the relative and additive impacts of T treatment and exercise 

311 training on BP over the 24-hr period in middle-to-older aged men with central adiposity and low-

312 normal testosterone concentrations. Our principal findings are that: 1) there was a main effect of T 

313 to increase 24hr SBP, primarily seen when T was combined with Ex, 2) the combination of T+Ex 

314 increased SBP and PP across the 24-hr period (driven by changes during daytime hours), and 3) 

315 Ex alone decreased 24-hr and night DBP, an effect attenuated by T.

316

317 To our knowledge, the combined effects of T and exercise on 24-hr ABP have not previously been 

318 reported. Furthermore, few cross-sectional, observational studies have assessed the effect of T 

319 alone on ABP, two such studies reporting inverse associations.23, 24 In the only intervention study, 

320 to our knowledge, that has assessed the effect of T on 24-hr ABP, 24-hr mean SBP and DBP were 

321 reported to be numerically higher after 6 and 12-weeks of treatment, although these results were 

322 not significant.25 In the current study, we report a 24-hr SBP effect of T although there were no 

323 significant 24-hr increases in SBP and DBP in the T alone (i.e. no exercise) groups compared to 

324 placebo alone. With the addition of an exercise arm in the current study, we are able to extend 

325 these findings. We found the combination of T treatment and supervised exercise training 

326 increased SBP across the 24-hr period, primarily driven by changes during day-time hours. A 

327 2mmHg lower office SBP has been associated with a 10% and 7% lower risk of stroke and 

328 ischemic heart disease respectively in an epidemiological study of mainly middle-aged adults.26 

329 Therefore, given that treatment-induced changes in office BP tend to be larger than for 24-hr BP,27 A
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330 the 3mmHg increase in 24-hr SBP observed in the T+Ex group may be clinically meaningful. 

331 Congruent with our SBP findings in the T+Ex group, we observed PP increases of 4.2 and 

332 4.9mmHg during the 24-hr and daytime periods, respectively. Pulse pressure has been positively 

333 associated with cardiovascular and total mortality in older people.28 Further, although SBP and 

334 DBP are strong predictors of cardiovascular disease in younger men, SBP and PP have shown 

335 greater prognostic significance in older men.29 

336

337 While many T+Ex studies have not reported BP outcomes, results from other studies reveal 

338 varying differences in office BP.21, 30, 31 Hildreth et al. reported no changes in office/clinic BP in 

339 100 healthy, older men (66±5yrs) following 12-months of T and/or exercise training.21 Our office 

340 BP results are congruent with those of Hildreth et al. as we did not observe any BP differences 

341 between groups following the intervention using this approach. In contrast, Heufelder et al.30 

342 reported decreases in clinic BP when a 12-month diet and exercise intervention was combined 

343 with T treatment in men newly diagnosed with type 2 diabetes mellitus. Of note, an earlier study 

344 reported an average 10mmHg increase in office SBP when supraphysiological doses of 

345 intramuscular T were added to weight training over 12-weeks in men aged 19-45yrs.31  However, 

346 neither of these studies incorporated a non-exercising control group. Our 2x2 factorial designed 

347 study was conducted in men aged 50-70yrs, used physiological doses of transdermal testosterone, 

348 and had the added advantage of assessing ABP. We observed a 24-hr SBP main effect for T driven 

349 by an increase in SBP in the T+Ex group.

350

351 In the current study, we saw more pronounced decreases in DBP, than SBP, as a result of exercise 

352 alone. Although SBP has been shown to have a greater effect on CV outcomes than DBP, both 

353 measurements have been reported to independently influence CV event risk.32 The majority of 

354 data concerning the beneficial effect of exercise on BP in older adults are derived from aerobic 

355 exercise training studies with the effect of resistance exercise on resting BP less clear.10, 11, 33 

356 However, resistance training is currently recommended as an adjunct to aerobic exercise for 

357 improving BP control.34 A recent meta-analysis reported the combination of aerobic and resistance 

358 exercise training only lowered DBP, not SBP.35 Our results are consistent with these findings, as 
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359 we saw more pronounced effects on DBP than SBP following our combined (aerobic and 

360 resistance) exercise intervention. 

361

362 Our study demonstrates that the exercise-induced benefits on DBP, particularly at night-time, were 

363 not apparent in men receiving the combination of testosterone and exercise training. This finding 

364 may be clinically important, as blunting of nocturnal DBP dipping has been associated with 

365 increased CV risk.36 Although we did not observe differences in nocturnal dipping between 

366 groups, the abrogation of the exercise-induced decrease in night DBP with T warrants further 

367 evaluation to assess the cardiovascular effects of combining testosterone and exercise in 

368 overweight middle-aged and older men; a group in whom hypertension is already prevalent.1

369

370 Exercise training has been shown to reduce BP via decreases in sympathetic nervous system 

371 (SNS) activity and vasodilatory mechanisms.37 Whilst some studies suggest that testosterone  has 

372 a vasodilatory effect, when infused acutely,38 our findings did not support the hypothesis that 

373 combining testosterone with exercise training would improve BP. While mechanistic 

374 investigations were outside the scope of the present study, we speculate that the combination of 

375 testosterone and exercise training may increase SNS activity, which might account for the increase 

376 in 24hr and daytime ABP in the T+Ex group, and the attenuation of the Ex-induced reduction in 

377 night time DBP in the presence of T.

378

379 We also assessed BP using traditional office BP measurements in addition to 24-hr ABP. In 

380 contrast to our ABP findings, we did not observe any differences in office SBP, DBP or PP 

381 following the intervention. This highlights the potential importance of measuring 24-hr ABP in 

382 men being prescribed T, especially in conjunction with exercise. As part of the office BP and ABP 

383 measurements, we also assessed resting HR. Interestingly, we observed a main effect of exercise 

384 on office resting HR that was not apparent in ABP at any timepoint. This may reflect an effect of 

385 the 20-minute period of supine rest prior to the office BP measurement, specifically in the placebo 

386 and exercise group. Similar to our 24-hr and night-time DBP findings, we found the effect of 

387 exercise on office resting HR was attenuated in the presence of T.A
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388

389 Although BP is undoubtedly an important CV risk factor, it is imperative that it is assessed and 

390 monitored in the setting of overall CV risk. In our recent paper which examined the effects of T 

391 and exercise on vascular function,39 we reported that exercise training improved endothelium-

392 dependent vasodilator function, whereas T did not impact flow-mediated dilation or add to the 

393 exercise benefit. These findings provide some mechanistic insight into our BP findings, suggesting 

394 that the impact on SBP in the T+Ex group is likely a consequence of the effects of T rather than 

395 Ex on vascular function. Further analyses of CV risk factors in our vascular function paper,39 

396 revealed that neither T, Ex or their combination had any effect on body mass, glucose or HDL 

397 cholesterol. However, there was a testosterone*exercise interaction for total cholesterol. 

398 Therefore, our results suggesting that the combination of T and Ex increase SBP are generally 

399 consistent with our other findings relating to vascular function and risk factors. What remains 

400 unanswered is whether specific antihypertensive medications modulate the impacts of exercise and 

401 T on BP responses. This important and highly relevant question should be addressed in future 

402 studies.

403

404 To our knowledge, this is the first study to assess the relative impacts of T and exercise, alone and 

405 in combination, on 24-hr ABP. Assessment of traditional office BP allowed us to compare and 

406 contrast the results of the two different measurement techniques, highlighting the importance of 

407 ABP measurements in this setting. Further strengths of the study include the random allocation of 

408 participants to treatment groups, double-blind, placebo-controlled design with respect to the T 

409 intervention, high adherence to both T treatment and supervised exercise training sessions, 

410 interpretation of the ABPM data by investigators blinded to both testosterone and exercise 

411 allocations, and the assessment of T using tandem liquid chromatography-mass spectrometry (LC-

412 MS/MS). 

413

414 Limitations of the current study include that our participants were community-dwelling 

415 volunteers, so our results may be more applicable to self-motivated men who were generally in 

416 good health. Of note, we included men with serum T between 6-14nmol/L. However, all men with 

417 a clinical suspicion of testicular or pituitary disease were excluded. Therefore, our results may not 

418 apply to men with organic hypogonadism. The duration of our study was 12-weeks, thus daily A
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419 transdermal T was chosen as our route of T administration, and there were no dose titrations. 

420 However, we used the standard treatment dose, and saw significant increases in circulating T 

421 concentrations and decreases in LH concentrations. We cannot exclude the possibility that higher 

422 doses of T or a different treatment modality (e.g. intramuscular injection) may have resulted in a 

423 greater relative impact. It is possible that changes in T brought about by exercise may induce 

424 different physiological effects than those associated with exogenous administration, but this 

425 conjecture will require further experimentation. In addition, a longer intervention (exercise, 

426 testosterone or their combination) may help to further understand the relationship between 

427 improvement in serum T arising from exercise training, weight loss, and changes in BP. As level 

428 of aerobic fitness is inversely related to ambulatory BP,40 we think it unlikely that any increase in 

429 endogenous T as a result of training would attenuate the BP lowering benefit of exercise. Some 

430 participants were taking prescribed anti-hypertensive medication; however, there were no 

431 differences between groups, no one drug class was overrepresented in any group and doses were 

432 stable during the 12weeks. There was high attrition rate of ABP due to study non-completion, 

433 participants declining to undergo Wk12 ABP and technical difficulties. However, the highest 

434 participation rates were in the T+Ex and P+NEx groups, with study medication administered in a 

435 double-blind fashion, thus differences in participation rates between groups were unlikely to be 

436 related to the interventions. We conducted a complete case analysis for men who had ABP data 

437 available at both time-points. However, baseline characteristics were comparable amongst the men 

438 analysed, and those who had missing ABP data.

439

440 Conclusion

441 There was a main effect of T to increase 24hr SBP. When examining individual T groups, 24hr 

442 SBP was significantly increased in the T+Ex group compared to P+NEx, whereas there was no 

443 difference between T+NEx and P+NEx. It is possible that a larger trial might have revealed a 

444 significant effect of T alone. In any event, the combination of 12-weeks of T treatment and 

445 exercise training increased SBP and PP across the 24-hr period, driven by daytime changes. 

446 Exercise alone decreased 24-hr and night-time DBP, the latter effect was attenuated in the 

447 presence of T. BP should be carefully assessed and monitored, and considered in the setting of 

448 overall CV risk, when prescribing T treatment to middle-aged and older men, especially when 

449 combined with exercise training.A
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FIGURE LEGENDS

Figure 1. 

Ambulatory blood pressure (ABP) changes during the 12-week intervention period for the 

testosterone + exercise (T+Ex), testosterone + no exercise (T+NEx), placebo + exercise (P+Ex) 

and placebo + no exercise (P+NEx) groups compared to baseline values. Data are mean ± SEM.

 A: 24-hr systolic blood pressure (SBP)

 B: 24-hr diastolic blood pressure (DBP)

 C: 24-hr pulse pressure (PP)

 D: Day (6am-10pm) SBP

 E: Day DBP

 F: Day PP

 G: Night (10pm-6am) SBP

 H: Night DBP

 I: Night PP
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Table 1. Baseline characteristics of the testosterone + exercise (T+Ex), testosterone + no exercise (T+NEx), placebo + exercise (P+Ex) and 

placebo + no exercise (P+NEx) groups (n = 53). 

 

 

T+Ex 

(n=17) 

T+NEx 

(n=10) 

P+Ex 

(n=12) 

P+NEx 

(n=14) 

P-value 

 Mean (SD)  

Age (years) 60.5 (4.5) 58.5 (5.5) 59.0 (4.2) 58.4 (5.5) 0.616 

Height (cm) 174.9 (6.6) 177.0 (6.5) 178.6 (8.4) 177.7 (5.1) 0.477 

Weight (kg) 99.9 (15.8) 106.1 (15.6) 109.4 (15.1) 99.5 (11.2) 0.239 

BMI (kg/m
2
) 32.6 (4.0) 33.7 (3.4) 34.2 (3.5) 31.5 (3.7) 0.277 

Waist girth (cm) 113.9 (8.8) 118.3 (10.7) 116.5 (10.2) 110.4 (9.4) 0.210 

Anti-hypertensive medication:  

# participants (%) 
5 (29) 5 (50) 5 (42) 6 (43) 0.752 

Screening T (nmol/L) 11.2 (1.8) 11.2 (2.2) 11.0 (2.6) 11.2 (2.2) 0.993 

BMI = Body mass index 
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Table 2. Biochemical and anthropometric changes as a result of the 12-week intervention period for testosterone + exercise (T+Ex), testosterone 

+ no exercise (T+NEx), placebo + exercise (P+Ex) and placebo + no exercise (P+NEx) groups. 

 
Study group  P Value 

T+Ex 

(n=17)
 
 

 T+NEx 

(n=10) 

 P+Ex 

(n=12) 

 P+NEx 

(n=14) 

 
Effect 

of Ex 

Effect of  

T 

 

Interaction      

Variable Mean (95% CI)     

T (nmol/L)                

Baseline 13.2 (11.3-15.2)  11.1 (8.6-13.7)  12.3 (10.0-14.6)  13.1 (11.0-15.3)  
0.131 0.046 0.332 

†
Week 12 **16.1 (14.1-18.1)  *13.3 (10.8-15.9)  13.8 (11.5-16.1)  11.8 (9.6-13.9)  

LH (IU/L)                

Baseline 4.83 (3.93-5.74)  4.02 (2.84-5.20)  4.60 (3.53-5.68)  4.70 (3.71-5.70)  
0.083 <0.001 0.342 

†
Week 12 **2.05 (1.15-2.96)  **2.32 (1.14-3.50)  4.55 (3.47-5.63)  4.97 (3.98-5.98)  

SHBG 

(nmol/L) 
  

 
  

 
  

 
  

    

Baseline 42.0 (36.3-47.7)  37.9 (30.5-45.2)  37.9 (31.2-44.7)  37.0 (30.7-43.2)  
0.847 0.415 0.083 

†
Week 12 42.4 (36.8-48.1)  40.7 (33.3-48.1)  42.1 (35.3-48.8)  38.2 (31.9-44.4)  

PSA (ng/mL)                

Pre-screening 1.13 (0.81-1.46)  1.25 (0.83-1.67)  0.80 (0.41-1.18)  0.83 (0.48-1.19)  
0.482 0.038 0.762 

Week 6 1.36 (1.04-1.68)  1.61 (1.12-2.10)  0.79 (0.41-1.18)  0.84 (0.47-1.21)  

Hct (%)                

Pre-screening 46.1 (44.8-47.3)  43.8 (42.1-45.5)  46.6 (45.1-48.2)  45.4 (44.0-46.8)  
0.446 0.908 0.268 

Week 6 45.7 (44.4-47.0)  43.3 (41.6-45.0)  45.8 (44.3-47.4)  45.7 (44.2-47.1)  A
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Data are based on linear mixed models analysis for participants with complete ABP data for both timepoints (n=53). T, testosterone; LH, 

luteinizing hormone; SHBG, sex hormone binding globulin; PSA, prostate specific antigen; Hct, haematocrit; BMI, body mass index. †, n=16 

for T+Ex Week 12 T, LH and SHBG. *P < 0.05 for wk12 change from baseline compared to P+NEx change from baseline. **P < 0.01 for wk12 

change from baseline compared to P+NEx change from baseline. 

 

Weight (kg)                

Baseline 99.9 (93.3-106.5)  106.1 (97.5-114.7)  109.4 (101.5-117.2)  99.5 (92.2-106.7)  
0.595 0.182 0.820 

Week 12 99.3 (92.7-105.9)  106.2 (97.6-114.8)  107.8 (99.9-115.6)  98.1 (90.9-105.4)  

BMI (kg/m
2
)                

Baseline 32.6 (30.9-34.3)  33.7 (31.5-36.0)  34.2 (32.2-36.2)  31.5 (29.7-33.4)  
0.671 0.189 0.817 

Week 12 32.4 (30.7-34.1)  33.7 (31.5-36.0)  33.7 (31.7-35.7)  31.1 (29.2-33.0)  

Waist girth 

(cm) 
  

 
  

 
  

 
  

 
   

Baseline 113.9 (109.4-118.5)  118.3 (112.4-124.2)  116.5 (111.1-121.9)  110.4 (105.4-115.4)  
0.375 0.350 0.288 

Week 12 111.8 (107.3-116.3)  116.0 (110.1-121.8)  114.3 (108.9-119.7)  110.3 (105.3-115.2)  
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Table 3. Ambulatory blood pressure changes as a result of the12-week intervention period for testosterone + exercise (T+Ex), testosterone + no 

exercise (T+NEx), placebo + exercise (P+Ex) and placebo + no exercise (P+NEx) groups. 

 

 Study group P Value 

 

T+Ex 

(n=17) 

 T+NEx 

(n=10) 

 P+Ex 

(n=12) 

 P+NEx 

(n=14) 

Effect of 

Ex 

Effect of  

T 
Interaction 

 Mean (95% CI)  

24-hr ABP 

 

  

 

         

SBP (mmHg) 

Baseline 

           

122.4 (118.1-126.8)  125.6 (120.0-131.3)  120.9 (115.8-126.1)  125.6 (120.8-130.4) 

0.462 0.035 0.914 

Week 12 *125.4 (121.1-129.7)  127.1 (121.5-132.7)  119.3 (114.2-124.4)  122.6 (117.8-127.4) 

DBP (mmHg) 

Baseline 

            

72.6 (70.0-75.1)  71.7 (68.5-75.0)  70.1 (67.1-73.1)  72.9 (70.2-75.7) 

0.186 0.044 0.717 

Week 12 71.4 (68.9-73.9)  72.2 (68.9-75.5)  66.2 (63.2-69.3)  71.0 (68.3-73.8) 

PP (mmHg)             
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Baseline 49.8 (47.2-52.4)  53.8 (50.4-57.2)  51.1 (48.0-54.2)  52.7 (49.8-55.5) 

0.022 0.097 0.892 

Week 12 **54.0 (51.4-56.6)  54.9 (51.5-58.3)  53.2 (50.1-56.3)  51.5 (48.6-54.3) 

HR (bpm)             

Baseline 73.1 (69.2-77.0)  72.6 (67.5-77.8)  70.3 (65.7-75.0)  69.0 (64.6-73.3) 

0.158 0.438 0.337 

Week 12 71.3 (67.4-75.3)  70.4 (65.3-75. 6)  66.5 (61.8-71.2)  68.2 (63.8-72.5) 

Day 

SBP (mmHg) 

Baseline 

 

 

          

    

124.1 

    

126.1 (121.5-130.6) 128.8 (122.9-134.7) (118.7-129.5) 129.8 (124.8-134.8) 

0.340 0.060 0.997 

Week 12 *129.6 (125.1-134.2)  130.4 (124.5-136.3)  123.3 (117.9-128.7)  126.8 (121.8-131.8) 

DBP (mmHg)             

Baseline 75.7 (72.9-78.4)  74.2 (70.6-77.7)  72.4 (69.2-75.6)  76.0 (73.0-79.0) 

0.379 0.148 0.873 

Week 12 74.3 (71.6-77.0)  74.6 (71.1-78.2)  69.3 (66.1-72.6)  73.8 (70.9-76.8) 

PP (mmHg)             

Baseline 50.4 (47.7-53.1)  54.7 (51.1-58.2)  51.7 (48.5-55.0)  54.1 (51.1-57.0) 

0.013 0.078 0.968 

Week 12 **55.3 (52.6-58.0)  55.6 (52.1-59.1)  54.0 (50.8-57.2)  52.8 (49.8-55.8) 
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Baseline 75.5 (71.4-79.7) 75.4 (70.0-80.8) 72.3 (67.4-77.2) 70.6 (66.0-75.2) 

0.130 0.600 0.583 

Week 12 73.2 (69.1-77.3) 73.0 (67.6-78.4) 68.6 (63.6-73.5) 69.7 (65.1-74.3) 

Night            

 

SBP (mmHg)         

Baseline 109.5 (105.0-114.0) 114.6 (108.7-120.4) 110.0 (104.7-115.3)  107.7 (102.8-112.6) 

0.632 0.245 0.768 

Week 12 110.9 (106.4-115.4)  116.4 (110.6-122.2)  107.8 (102.5-113.2)  107.5 (102.5-112.4) 

DBP (mmHg)             

Baseline 61.5 (58.8-64.2)  63.7 (60.2-67.2)  61.5 (58.3-64.7)  60.2 (57.2-63.2) 

0.100 0.281 0.175 

Week 12 61.1 (58.4-63.8)  63.8 (60.3-67.3)  *57.5 (54.3--60.7)  60.9 (57.9-63.8) 

PP (mmHg)             

Baseline 48.0 (45.0-50.9)  50.7 (46.9-54.6)  48.7 (45.2-52.2)  47.4 (44.2-50.7) 

0.766 0.822 0.196 

Week 12 48.2 (45.3-51.2)  52.7 (48.9-56.6)  50.5 (47.0-54.0)  46.7 (43.4-49.9) 

HR (bpm)             

Baseline 64.1 (60.6-67.7)  61.7 (57.0-66.3)  62.6 (58.3-66.8)  62.4 (58.5-66.4) 

0.551 0.407 0.504 

Week 12 64.6 (61.1-68.2)  62.1 (57.5-66.8)  60.7 (56.5-65.0)  62.7 (58.7-66.6) 
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SBP (%)             

Baseline 13.2 (10.3-16.2) 11.0 (7.1-14.8) 11.4 (7.8-14.9) 16.9 (13.6-20.1) 

0.158 0.720 0.694 

Week 12 14.4 (11.4-17.3)  10.5 (6.6-14.3)  12.5 (9.0-16.0)  14.8 (11.6-18.1) 

DBP (%)             

Baseline 18.7 (15.2-22.2)  13.8 (9.2-18.4)  15.4 (11.2-19.6)  20.2 (16.3-24.1) 

0.419 0.893 0.232 

Week 12 17.7 (14.1-21.2)  14.3 (9.7-18.9)  17.2 (13.0-21.4)  17.4 (13.5-21.2) 

Data are based on linear mixed models analysis for participants with complete ABP data for both timepoints (n=53). SBP, systolic blood pressure; DBP, 

diastolic blood pressure; PP, pulse pressure; HR, heart rate. Nocturnal dipping = (1 – (SBP_night/SBP_day))*100%. *P < 0.05 for wk12 change from 

baseline compared to P+NEx change from baseline. **P < 0.01 for wk12 change from baseline compared to P+NEx change from baseline.  
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