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Abstract 62 

Changes in flow-mediated dilation (FMD) following acute heating are not well understood, 63 

appear protocol-specific, and may be better understood by additional measures of acute 64 

vasoactivity. This study investigated FMD responses before and after three different 30-65 

minute hot-water immersion conditions (40°C-Shoulder, 42°C-Waist, 40°C-Waist) in twenty-66 

two adults. Brachial artery diameter was recorded at baseline (Dbase), during the final 30-67 

seconds of occlusion (Docc), and at peak post-occlusion (Dpeak). Allometrically scaled FMD%, 68 

and changes in diameter during occlusion (OIV), and from end-occlusion to peak diameter 69 

(FMDDocc) were calculated. Pre-occlusion shear rate was greater post-immersion in 40-70 

Shoulder (p < 0.001) and 42-Waist (p < 0.001), but not 40-Waist (p = 0.13), with the largest 71 

increase observed in 40-Shoulder. Alongside this, Dbase increased (Δ0.4±0.2 mm, p < 0.001) 72 

and FMD% decreased (Δ−3.9±3.8%, p = 0.04) following immersion in 40°C-Shoulder only. 73 

Across all conditions, ΔFMD% was negatively associated with ΔDbase (rrm =-0.47, p = 0.001). 74 

OIV% was the only vasoactivity metric to statistically differentiate between all conditions 75 

post-immersion (40°C-Shoulder: -8.1±4.9%. 42°C-Waist: -3.0±5.3%. 40°C-Waist: 1.1±4.1%. 76 

p < 0.001). Post-heating FMD is confounded by heat-induced increases in baseline diameter, 77 

even after allometric scaling, whilst OIV% may provide complementary insight into acute 78 

vasoactivity following passive heating. 79 
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Introduction 91 

Flow-mediated dilation (FMD) is a non-invasive measure of peripheral artery endothelium-92 

dependent dilation (Thijssen et al., 2019) stimulated by the surge in shear stress following 93 

occlusion (Pyke & Tschakovsky, 2007) and is calculated as the difference between baseline 94 

and peak post-occlusion arterial diameter. Increased FMD at rest represents improved 95 

endothelial function and is linked to lower risk of cardiovascular events (Inaba et al., 2010), 96 

supporting its use as a prognostic marker in interventional studies (Thijssen et al., 2019). 97 

Acute physiological stimuli such as passive heating or exercise can alter FMD, and these 98 

acute responses may relate to chronic adaptation  with repeated exposures (Dawson et al., 99 

2018; Romero et al., 2022). However, passive heating appears to elicit varied acute FMD 100 

responses, with some studies reporting increases (Tinken et al., 2009; Coombs et al., 2021) 101 

and others decreases (Alali et al., 2020; Chaseling et al., 2023), which may, in part, be 102 

attributable to the specific heating stimulus. Although a transient reduction in FMD might be 103 

interpreted as an acute endothelial impairment, this does not reflect the beneficial adaptative 104 

endothelial response observed with repeated heat exposures (Carter et al., 2014; Bailey et al., 105 

2016; Brunt et al., 2016; Steward et al., 2025). Accordingly, interpretation of these acute 106 

results requires careful consideration within the context of the specific acute stimuli 107 

influencing the FMD response. 108 

The differences in acute FMD responses following passive heating may be explained by the 109 

specific effects of the heating protocol preceding the FMD measurement. FMD is directly 110 

influenced by baseline arterial diameter (Atkinson & Batterham, 2013) and/or preceding 111 

antegrade or retrograde shear stress patterns (Green et al., 2017). This well-established 112 

inverse relationship between baseline (i.e. pre-occlusion) arterial diameter and FMD under 113 

resting conditions has led to recommendations that FMD be allometrically scaled for baseline 114 

diameter to enable independent inference from diameter and FMD (Atkinson & Batterham, 115 

2013). Acute changes in FMD following heating protocols may also differ according to the 116 

magnitude of shear stress. Large sustained increases in antegrade shear rate, often observed 117 

with prolonged or larger heating stimuli, elicit baseline vasodilation and partially utilise a 118 

vessel’s vasodilatory reserve, thereby attenuating the subsequent FMD response (Alali et al., 119 

2020; Coombs et al., 2021; Chaseling et al., 2023). In contrast, smaller increases in antegrade 120 

shear rate, as typically seen with local heating protocols, may act to “prime” the endothelium 121 

and enhance the subsequent FMD response (Tinken et al., 2009; Thijssen et al., 2014). 122 

Therefore, the comparative confounding effects of shear rate and increased baseline diameter 123 



on FMD interpretation are likely context specific and will vary between heating protocols and 124 

other acute physiological stimuli (e.g. exercise). 125 

Acute increases in baseline brachial artery diameter following exercise have been previously 126 

identified as problematic in the interpretation of acute FMD responses (Padilla et al., 2007). 127 

To minimise the influence of heating-induced increases in shear rate on baseline diameter, 128 

some authors have replaced traditional pre-occlusion diameter with the arterial diameter in 129 

the final 30 seconds of occlusion  (Coombs et al., 2021; Chaseling et al., 2023). However, the 130 

physiological relevance of this modified FMD calculation remains uncertain, as it is unclear 131 

whether it can be interpreted in the same manner as “traditional” FMD calculations 132 

(Chaseling et al. 2023). Alternatively, this modified FMD metric, alongside the change in 133 

diameter during occlusion (often termed low flow-mediated constriction LFMC), may offer 134 

complimentary insight into the endothelial environment (Humphreys et al., 2014).  Marked 135 

reductions in arterial diameter have been observed during occlusion immediately following 136 

heating (Alali et al., 2020; Chaseling et al., 2023), which is consistent with observations 137 

showing LFMC is greater in vessels with larger baseline diameters (Sen et al., 2020). 138 

However, this response may reflect the withdrawal of the heating (and shear stress) stimulus 139 

rather than active vasoconstriction per se, meaning that the term LFMC may be misleading in 140 

the context of post-heating arterial vasoactivity. Nevertheless, these vascular alterations may 141 

be central to interpreting acute endothelial function and the subsequent FMD response, 142 

meaning consideration of these additional metrics may help avoid misinterpretation of acute 143 

post-heating decreases in FMD as endothelial impairment. 144 

We previously demonstrated distinct region-specific arterial haemodynamic effects in 145 

response to 30-minute hot water immersion protocols of differing immersion depth and water 146 

temperature (Menzies et al., 2025). Specifically, 40°C shoulder-deep immersion elicited 147 

larger brachial artery vasodilation and elevations in shear rate than either 40 °C or 42 °C 148 

waist-deep immersion. The present paper aimed to investigate the impact of these protocols 149 

and effects on the subsequent post-immersion FMD response. It was hypothesised that 150 

greater increases in baseline diameter post-heating as seen with 40°C shoulder-deep 151 

immersion would result in larger reductions in FMD. A secondary aim was to examine the 152 

acute effects of heating on different indices of vasoactivity (e.g. change in arterial diameter 153 

from end-occlusion relative to baseline and to peak post-occlusion) to investigate whether 154 

these metrics complement or help explain acute changes in FMD. 155 



Methods 156 

Experimental design - Ethical approval was provided by the Coventry University Ethics 157 

committee (P146084) and conformed to the Declaration of Helsinki, except for prior 158 

registration in a database. Data collection for this study was conducted as part of a wider 159 

investigation examining vascular, inflammatory, and perceptual responses to 30-minute hot 160 

water immersion protocols of differing water depth and temperature. However, the present 161 

study addresses a distinct a priori hypothesis relating to the acute FMD response. This is 162 

reflected in the inclusion of FMD in the a priori sample size calculation, as described within 163 

(Menzies et al., 2025), using the acute FMD data from different heating protocols observed 164 

within (Chaseling et al., 2023) (d = 0.74). Accordingly, twenty-two healthy adults (Data 165 

given as mean ± SD. 13 males: 29 ± 6 years, 80.3 ± 14.4 kg, 1.78 ± 0.09 m, 25.3 ± 4.4 kg/m
2
. 166 

9 females: 27 ± 6 years, 62.1 ± 8.8 kg, 1.64 ± 0.05 m, 22.9 ± 2.2 kg/m
2
) were recruited 167 

locally from responses to social media advertisements and through word of mouth, before 168 

being briefed and providing written consent to participate in the present study. Participants 169 

attended the laboratory at the same time of day (± 1 h) on three separate occasions (10 ± 9 170 

days between visits)  to complete 30 minutes of hot water immersion consisting of (i) 40 °C 171 

shoulder-deep immersion (40-Shoulder) (40.0 ± 0.1 °C), (ii) 42 °C waist-deep immersion 172 

(42-Waist) (42.0 ± 0.1 °C), or (iii) 40 °C waist-deep immersion (40-Waist) (40.0 ± 0.1 °C), 173 

completed in a randomised cross-over design.  FMD was performed following at least 10 174 

minutes of supine rest pre-immersion and commencing nine minutes post-immersion. The 175 

post-immersion time point was chosen to ensure there was no variation in duration between 176 

conditions or participants caused during the transfer from the hot tub to the start of the FMD 177 

assessment. For the waist-deep conditions, participants sat on an 18 cm stool without 178 

immersion of their arms in a water depth of ~36 cm. In the shoulder-deep condition 179 

participants sat on the bottom of the hot tub with their arms submerged in a water depth of 47 180 

– 52 cm, adjusted according to the participants height, and moved to the stool for ~3 minutes 181 

with non-submersion of their arms after 5, 15, and 25 minutes. Water temperature was 182 

constantly monitored using a thermistor (Grant instruments, UK) and maintained using a hot 183 

tub heating generator (LazySpa Majorca, Bestway International Ltd, Hong Kong) set to 40 °C, 184 

with addition and removal of hot or cold water as required to maintain temperature and depth. 185 

Vascular imaging - The FMD assessment consisted of a 9-minute recording of the brachial 186 

artery in the distal third of the upper right arm, and was collected in accordance with 187 

international guidelines (Thijssen et al., 2019). This consisted of 1-minute recorded at 188 



baseline, followed by a 5-minute period of forearm occlusion achieved via rapid cuff inflation 189 

>220 mmHg immediately distal to the olecranon process (Hokason E20, Bellevue, WA), and 190 

continued for three minutes after cuff release. 191 

Vascular imaging was performed using a 15-MHz multifrequency linear array probe attached 192 

to a high-resolution duplex ultrasound machine (T3300; Tersaon, Burlington, MA). Images 193 

were taken following optimisation of the longitudinal B-mode image of the lumen-arterial 194 

interface, with simultaneous Doppler velocity assessments collected using the smallest 195 

possible insonation angle (always <60°). Analysis of brachial artery blood flow, diameter, 196 

and shear rate was performed using custom-designed edge-detection and wall-tracking 197 

software, as previously described elsewhere (Woodman et al., 2001). Changes in these 198 

measures throughout immersion protocols at 5, 15, and 25 minutes are reported elsewhere 199 

(Menzies et al., 2025) Blood flow was calculated as lumen cross-sectional area x Doppler 200 

velocity and shear rate (as an estimate of shear stress without viscosity) as four times the 201 

mean blood velocity/vessel diameter. The shear rate area under the curve (SRAUC) was used 202 

to reflect the hyperaemic shear stress stimulus upon cuff release. 203 

Brachial artery diameter is reported at baseline (Dbase), during the final 30-seconds of 204 

occlusion (Docc), and the peak diameter following cuff deflation (Dpeak). These variables had a 205 

between visit coefficient of variation (CV) at rest of 3.9 ± 3.3%, 4.7 ± 4.0%, and 3.7 ± 3.6% 206 

for Dbase, Docc, and Dpeak, respectively. The differences between these diameters were 207 

calculated as indices of vasoactivity (Figure 1). FMD reflects the difference between Dbase 208 

and Dpeak, whilst the difference between Docc and Dpeak is referred to as FMDDocc. FMDDocc is 209 

included to allow comparisons to FMD as reported/calculated by previous authors post-210 

heating (Coombs et al., 2021; Chaseling et al., 2023), but to avoid confusion with the 211 

traditional calculation of FMD. Finally, as the term LFMC may be misleading in the present 212 

context, the difference between Dbase and Docc is referred to as occlusion-induced vasoactivity 213 

(OIV). These indices were calculated as the absolute change (mm), and as percentage change 214 

(%).  215 



 

Figure 1. Schematic representation of the change in brachial artery diameter in response to 

forearm occlusion and the calculation of the associated metrics of vasoactivity. Abbreviations: 

Dbase – baseline diameter, Docc – diameter during the final 30-seconds of occlusion, Dpeak - 

peak diameter following cuff deflation, OIV – Occlusion-induced vasoactivity, FMD – Flow-

mediated dilation, FMDDocc – Flow-mediated dilation using end-occlusion diameter instead of 

baseline diameter. 

Statistical analysis – Inter-individual differences in arterial diameter have a known influence 216 

on vasoactive responses to occlusion (Atkinson et al., 2013). Accordingly, for percentage 217 

change values for indices of vasoactivity (FMD, OIV, FMDDocc), analyses were performed on 218 

unadjusted values and adjusted values that were allometrically scaled for arterial diameter 219 

and SRAUC. To perform the adjusted analysis, the change in logarithmically transformed 220 

diameter in response to occlusion were analysed using a Generalized Estimation Equation 221 

(GEE), incorporating arterial diameter and SRAUC as covariates (SRAUC not included in OIV 222 

analysis), with the resulting mean differences back transformed to the original units of 223 

percentage difference (%). This analysis was performed using SPSS v28.0 (SPSS, Chicago, 224 

Illinois) following the steps outlined by Atkinson & Batterham (2013).  225 

Individual estimates of relative changes in arterial diameter adjusted for baseline diameter 226 

were then calculated from each participants residual as derived from observed % - 227 

predicted % (as calculated from the GEE) and added to the predicted mean % for each 228 

condition and time point at the mean baseline diameter (Lolli et al., 2018). The change from 229 



pre-post immersion in vasoactive indices, and diameter variables, along with changes in shear 230 

rate from pre to 25 min during immersion (data for this time point reported in Menzies et al. 231 

(2025) and are repeated below) were used to perform repeated-measures correlations using 232 

the rmcorr package as described by Bakdash & Marusich (2017) to try and explain patterns 233 

between variables across all conditions. The remaining statistical analysis was performed 234 

using a two-way (Time*Condition) repeated measures ANOVA using the anova_test 235 

function from the Rstatix package, with effect sizes for main effects presented as partial eta 236 

squared (ηp
2
). Violations of normality were not assessed due to the risks associated with non-237 

Gaussian models and the robustness of ANOVA in violations of this assumption (Knief & 238 

Forstmeier, 2020). Where an interaction effect was identified, post-hoc analysis between 239 

conditions and time points were performed using the pairwise_t_test function from the 240 

Rstatix package, with Bonferroni adjustments for multiple comparisons. Although not the 241 

focus of this study, sex differences were analysed by adding Sex as a between subjects 242 

variable into a three-way (Sex*Time*Condition) ANOVA, the results of which can be found 243 

in the Supplementary material. 244 

Results 245 

Thermo-physiological measures – Rectal and skin temperature increased in all conditions 246 

during immersion, as previously reported (Menzies et al., 2025). Rectal temperature 247 

increased by 0.9 ± 0.3, 0.9 ± 0.3, and 0.5 ± 0.1 °C for the 40-Shoulder, 42-Waist, and 40-248 

Waist conditions, respectively. This resulted in a lower rectal temperature at the end of 249 

immersion in the 40-Waist condition compared to both the  40-Shoulder (mean difference: 250 

0.4 °C [0.3, 0.5], P < 0.001) and 42-Waist (mean difference: 0.4 °C [0.4, 0.5], P < 0.001) 251 

conditions, which  were similar (mean difference: 0.1 °C [−0.2, 0.1], P = 1.0). During 252 

immersion, arm skin temperature increased by 8.1 ± 1.5, 3.5 ± 1.1, and 2.6 ± 1.0 °C, whilst 253 

thigh skin temperature increased by 7.8 ± 1.0, 8.6 ± 1.3, and 7.8 ± 0.2 °C for the 40-Shoulder, 254 

42-Waist, and 40-Waist conditions, respectively. 255 

Brachial artery diameter – Differences in brachial artery diameter between conditions at each 256 

time point are shown in Figure 2. Dbase increased from pre-immersion in the 40-Shoulder 257 

condition (p < 0.001), with no significant change in the 42-Waist (p = 0.15) or 40-Waist (p = 258 

0.78) conditions. As a result, Dbase was greater post-immersion in the 40-Shoulder condition 259 

than both the 42-Waist (mean difference: 0.4 mm [0.2, 0.5], p < 0.001) and 40-Waist (mean 260 

difference: 0.5 mm [0.4, 0.7], p < 0.001) conditions, which were similar to each other (mean 261 

difference: 0.1 mm [0.0, 0.3], p = 0.14). Docc was greater post-immersion compared to pre-262 



immersion in the 40-Shoulder condition (p = 0.003), with no significant change in the 42-263 

Waist (p = 0.94) or 40-Waist (0.61) conditions. Accordingly, Docc was greater post-264 

immersion in the 40-Shoulder condition than both the 42-Waist (mean difference: 0.2 mm 265 

[0.1, 0.3], p = 0.006), or 40-Waist (mean difference: 0.2 mm [0.1, 0.4], p = 0.046) conditions, 266 

which were similar to each other (mean difference: 0.0 mm [-0.1, 0.2], p = 1.0). Dpeak 267 

increased from pre-immersion in the 40-Shoulder condition (p < 0.001), but not in the 42-268 

Waist (p = 0.41) or 40-Waist (p = 0.96) conditions. Consequently, Dpeak was greater post-269 

immersion in the 40-Shoulder condition comapred with both the 42-Waist (mean difference: 270 

0.2 mm [0.2, 0.3], p < 0.001) and 40-Waist conditions (mean difference: 0.3 mm [0.2, 0.5], p 271 

< 0.001), which did not differ from each other (mean difference: 0.1 mm [-0.1, 0.2], p = 0.79).   272 

 
Figure 2. Mean brachial artery diameter pre and post immersion during the FMD assessment for each 

condition. Abbreviations: Dbase – baseline diameter, Docc – diameter during the final 30-seconds of 

occlusion, Dpeak - peak diameter following cuff deflation. Significance is denoted as follows: a40-

Shoulder vs 42-Waist (Dbase p < 0.001, Docc p = 0.006, Dpeak p < 0.001), b40-Shoulder vs 40-Waist 

(Dbase p < 0.001, Docc p = 0.046, Dpeak p < 0.001), c42-Waist vs 40-Waist, *vs Pre in the 40-Shoulder 

condition at the equivalent timepoint (Dbase p < 0.001, Docc p = 0.003, Dpeak p < 0.001). 

 273 

Shear rate and blood flow - Differences in brachial artery shear rate and blood flow between 274 

conditions pre- and post-immersion are shown in Table 1. Mean shear rate (pre-occlusion) 275 

was greater post-immersion compared to pre-immersion in both the 40-Shoulder (p < 0.001) 276 

and 42-Waist (p < 0.001) conditions, but not the 40-Waist condition (p = 0.13). This resulted 277 

in greater mean shear rate post-immersion in the 40-Shoulder condition compared with both  278 

the 42-Waist (mean difference: 102 1/s [44, 159], p = 0.007) and 40-Waist (mean difference: 279 

227 1/s [176, 278], p < 0.001) conditions, whilst the 42-Waist condition was greater than the 280 



40-Waist condition (mean difference: 125 1/s [69, 182], p < 0.001). In contrast, compared to 281 

pre-immersion, mean shear rate during occlusion was greater post-immersion in the 40-282 

Shoulder condition (p < 0.001), but less in the 40-Waist condition (p = 0.01) and did not 283 

differ from pre-immersion in the 42-Waist condition (p = 0.56). As a result, post-immersion 284 

mean shear rate during occlusion differed between all conditions, being greater in the 40-285 

Shoulder condition than the 42-Waist (mean difference: 23 1/s [13, 33], p < 0.001) and 40-286 

Waist (mean difference: 35 1/s [26, 44], p < 0.001) conditions, with 42-Waist condition also 287 

being greater than the 40-Waist condition  (mean difference: 12 1/s [6, 19], p = 0.003). Mean 288 

and antegrade shear rate peaked at 25 minutes during immersion as previously reported in 289 

Menzies et al. (2025) and was different between all conditions at this time point (Mean shear 290 

rate: 40-Shoulder: 455 ± 140 1/s, 42-Waist: 367 ± 133 1/s, 40-Waist: 261 ± 110 1/s. 291 

Antegrade shear rate: 40-Shoulder: 457 ± 139 1/s, 42-Waist: 376 ± 121 1/s, 40-Waist: 275 ± 292 

102 1/s). SRAUC was greater post-immersion compared to pre-immersion in the 40-Shoulder 293 

condition (p < 0.001), but was not different to pre-immersion in either the 42-Waist (p = 294 

0.47), or 40-Waist (p = 0.09) conditions. Post-immersion SRAUC was smaller in the 40-Waist 295 

condition compared to the 40-Shoulder (mean difference: 10.3 s
-1

x10
3
 [6.2, 14.6], p < 0.001) 296 

and 42-Waist (mean difference: 5.5 s
-1

x10
3
 [2.0, 8.9], p = 0.02) conditions, which were 297 

similar (mean difference: 4.9 s
-1

x10
3
 [-0.4, 10.3], p = 0.26). However, there were no effects 298 

of immersion condition on time to peak diameter following occlusion. 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

Table 1. Summary of mean blood flow and shear rate responses to forearm occlusion pre and post 



immersion in each condition. Significance is denoted as follows:  
a
40-Shoulder vs 42-Waist, 

b
40-

Shoulder vs 40-Waist, 
c
42-Waist vs 40-Waist, and 

*
vs Pre in the same condition. 

Variable Condition Pre Post Statistics 

Blood flow  

(pre occlusion) 

(mL/min) 

40-Shoulder 28 ± 28 155 ± 96
a,b*

 Time: p < 0.001, ηp
2
 = 0.58 

Condition: p < 0.001, ηp
2
 = 0.53 

Time*Condition: p < 0.001, ηp
2
 = 0.54 

42-Waist 36 ± 35 87 ± 77
a,c*

 

40-Waist 39 ± 42 23 ± 21
b,c*

 

Blood flow  

(during occlusion) 

(mL/min) 

40-Shoulder 13 ± 14 33 ± 19
a,b*

 Time: p < 0.001, ηp
2
 = 0.42 

Condition: p < 0.001, ηp
2
 = 0.46 

Time*Condition: p < 0.001, ηp
2
 = 0.52 

42-Waist 14 ± 11 18 ± 17
a,c

 

40-Waist 11 ± 7 7 ± 6
b,c*

 

Mean shear rate  

(pre occlusion) 

(1/s) 

40-Shoulder 43 ± 45 164 ± 163
a,b*

 Time: p < 0.001, ηp
2
 = 0.50 

Condition: p < 0.001, ηp
2
 = 0.53 

Time*Condition: p < 0.001, ηp
2
 = 0.57 

42-Waist 53 ± 54 99 ± 100
a,c*

 

40-Waist 55 ± 57 35 ± 36
b,c

 

Mean shear rate 

(during occlusion) 

(1/s) 

40-Shoulder 19 ± 19 46 ± 22
a,b*

 Time: p < 0.001, ηp
2
 = 0.44 

Condition: p < 0.001, ηp
2
 = 0.55 

Time*Condition: p < 0.001, ηp
2
 = 0.41 

42-Waist 21 ± 12 23 ± 18
a,c

 

40-Waist 18 ± 11 11 ± 9
b,c*

 

Antegrade shear 

rate  

(pre occlusion) 

(1/s) 

40-Shoulder 59 ± 35 165 ± 85
a,b*

 Time: p < 0.001, ηp
2
 = 0.43 

Condition: p < 0.001, ηp
2
 = 0.48 

Time*Condition: p < 0.001, ηp
2
 = 0.49 

42-Waist 64 ± 38 107 ± 66
a,c*

 

40-Waist 68 ± 41 51 ± 29
b,c

 

Retrograde shear 

rate (pre occlusion) 

(1/s) 

40-Shoulder -16 ± 14 0 ± 1
a,b*

 Time: p = 0.003, ηp
2
 = 0.34 

Condition: p = 0.002, ηp
2
 = 0.26 

Time*Condition: p < 0.001, ηp
2
 = 0.40 

42-Waist -12 ± 10 -8 ± 9
a,c 

 

40-Waist -13 ± 10 -17 ± 13
b,c

 

Reactive 

Hyperaemia 

SRAUC (s
-1

x10
3
) 

40-Shoulder 23.6 ± 8.2 32.2 ± 8.0
b*

 Time: p = 0.07, ηp
2
 = 0.15 

Condition: p = 0.008, ηp
2
 = 0.21 

Time*Condition: p < 0.001, ηp
2
 = 0.36 

42-Waist 25.9 ± 7.6 27.3 ± 8.2
c
 

40-Waist 24.6 ± 6.8 21.8 ± 6.3
b,c

 

Time to peak  

(s) 

40-Shoulder 50 ± 15 62 ± 19 Time: p = 0.17, ηp
2
 = 0.09 

Condition: p < 0.001, ηp
2
 = 0.34 

Time*Condition: p = 0.09, ηp
2
 = 0.11 

42-Waist 52 ± 15 56 ± 19 

40-Waist 46 ± 15 46 ± 17 
Abbreviations: SRAUC – Shear rate area under the curve 

Indices of vasoactivity – Absolute (mm) and unadjusted percentage change in all indices of 313 

vasoactivity did not show any additional significant condition differences beyond those 314 

observed with adjusted percentage changes. Absolute and unadjusted percentage changes can 315 

be found in Table 2, whilst adjusted percentage changes are shown in Figure 3.  316 

FMD decreased as result of immersion in the 40-Shoulder condition when measured as 317 

absolute change (p < 0.001), unadjusted percentage change (p < 0.001), or adjusted 318 

percentage change (p < 0.001). None of the methods used to calculate FMD showed 319 

significant differences between pre- and post-immersion values in either the 42-Waist 320 

(Absolute change: p = 0.24. Unadjusted percentage change: p = 0.21. Adjusted percentage 321 

change: p = 0.12), or the 40-Waist (Absolute change: p = 0.71. Unadjusted percentage 322 

change: p = 0.82. Adjusted percentage change: p = 0.83) conditions. Accordingly, adjusted 323 



FMD% post-heating was lower in the 40-Shoulder condition compared with the 42-Waist 324 

(mean difference: -3% [-5, -1], p = 0.01) and 40-Waist (mean difference: -4% [-6, -2], p < 325 

0.01) conditions, which were similar to each other (mean difference: -2% [-4, 0], p = 0.14) 326 

(Figure 3A).  327 

Similarly, OIV decreased (indicating greater diameter reduction) as result of immersion in the 328 

40-Shoulder condition when measured as absolute change (p < 0.001), unadjusted percentage 329 

change (p < 0.001), or adjusted percentage change (p < 0.001). None of the methods to 330 

calculate OIV demonstrated differences between pre- and post-immersion values for the 40-331 

Waist condition (Absolute change: p = 0.33. Unadjusted percentage change: p = 0.30. 332 

Adjusted percentage change: p = 0.19). However, in the 42-Waist condition, adjusted OIV% 333 

was lower post-immersion than pre-immersion (indicating greater diameter reduction; p = 334 

0.02), whereas OIV expressed as absolute (p = 0.07) or unadjusted percentage change (p = 335 

0.06) did not differ. Unlike FMD, OIV was different between all conditions post-immersion 336 

across all methods of calculation. Greatest reductions in diameter were observed in the 40-337 

Shoulder condition (mean difference: Adjusted OIV% vs 42-Waist: -5% [-8, -2]. p < 0.001.  338 

Adjusted OIV% vs 40-Waist: -9% [-12, -7]. p < 0.001) whilst the smallest diameter changes 339 

were seen in the 40-Waist condition (mean difference: Adjusted OIV% vs 42-Waist: 4% [1, 340 

6]. p = 0.003). 341 

All methods of calculating FMDDocc showed that post-immersion FMDDocc was greater than 342 

pre-immersion values in the 40-Shoulder condition (Absolute change: p = 0.03. Unadjusted 343 

percentage change: p = 0.03. Adjusted percentage change: p = 0.02), but no changes were 344 

observed in response to the 42-Waist (Absolute change: p = 0.17. Unadjusted percentage 345 

change: p = 0.13. Adjusted percentage change: p = 0.24), or 40-Waist (Absolute change: p = 346 

0.35. Unadjusted percentage change: p = 0.22. Adjusted percentage change: p = 0.21) 347 

conditions.  Differences in post-immersion adjusted FMDDocc% were only seen between the 348 

40-Shoulder and 40-Waist conditions (mean difference: 3% [1, 5]. p = 0.001) and not 349 

between the 40-Shoulder and 42-Waist conditions (mean difference: 2% [0, 3]. p = 0.10), or 350 

the 42-Waist and 40-Waist conditions (mean difference: 2% [0, 3]. p = 0.06). 351 

 352 

 353 

Table 2 - Mean absolute and unadjusted percentage changes for indices of vasoactivity for each 



condition pre and post immersion. Significance is denoted as follows: 
a
40-Shoulder vs 42-Waist, 

b
40-

Shoulder vs 40-Waist, 
c
42-Waist vs 40-Waist and 

*
vs Pre in the same condition. 

Variable Condition Pre Post Statistics 

Absolute change    

FMD  

(mm) 

40-Shoulder 0.28 ± 0.15  0.09 ± 0.13
b* 

Time: p = 0.006, ηp
2
 = 0.31 

Condition: p = 0.002, ηp
2
 = 0.25 

Time*Condition: p = 0.01, ηp
2
 = 0.20 

42-Waist 0.29 ± 0.14  0.22 ± 0.21 

40-Waist 0.28 ± 0.12  0.29 ± 0.16
b
 

OIV  

(mm) 

40-Shoulder 0.00 ± 0.15 -0.28 ± 0.17
a,b*

 Time: p = 0.005, ηp
2
 = 0.31 

Condition: p < 0.001, ηp
2
 = 0.39 

Time*Condition: p < 0.001, ηp
2
 = 0.37 

42-Waist 0.01 ± 0.12 -0.10 ± 0.20
a,c

 

40-Waist -0.02 ± 0.16   0.04 ± 0.15
b,c

 

FMDDocc 

(mm) 

40-Shoulder 0.28 ± 0.11  0.37 ± 0.15
b*

 Time: p = 0.19, ηp
2
 = 0.08 

Condition: p = 0.09, ηp
2
 = 0.11 

Time*Condition: p = 0.047, ηp
2
 = 0.14 

42-Waist 0.28 ± 0.15  0.32 ± 0.11 

40-Waist 0.30 ± 0.19 0.25 ± 0.10
b
 

Unadjusted percentage change   

FMD 

(%) 

40-Shoulder 7.4 ± 3.7 2.4 ± 3.1
a,b*

 Time: p = 0.007, ηp
2
 = 0.30 

Condition: p < 0.001, ηp
2
 = 0.32 

Time*Condition: p = 0.009, ηp
2
 = 0.20 

42-Waist 8.1 ± 4.4 6.2 ± 5.1
a
 

40-Waist 7.9 ± 4.1 8.2 ± 4.6
b
 

OIV 

(%) 

40-Shoulder -0.3 ± 3.8 -7.1 ± 4.4
a,b*

 Time: p = 0.01, ηp
2
 = 0.27 

Condition: p < 0.001, ηp
2
 = 0.41 

Time*Condition: p < 0.001, ηp
2
 = 0.34 

42-Waist -0.2 ± 3.9 -2.7 ± 5.1
a,c

 

40-Waist -0.5 ± 4.6 1.2 ± 4.0
b,c

 

FMDDocc 

(%) 

40-Shoulder 7.8 ± 3.6 10.4 ± 5.4
b*

 Time: p = 0.29, ηp
2
 = 0.05 

Condition: p = 0.17, ηp
2
 = 0.08 

Time*Condition: p = 0.03, ηp
2
 = 0.16 

42-Waist 7.9 ± 4.5 9.2 ± 4.4 

40-Waist 8.7 ± 6.7 6.9 ± 2.7
b
 

Abbreviations: FMD% – Flow-mediated dilation, OIV% – Occlusion-induced vasoactivity, FMDDocc% 

– Flow-mediated dilation using end-occlusion diameter instead of baseline. 
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Figure 3. Mean adjusted indices of vasoactivity for each condition pre and post immersion. A – 

FMD% (Flow-mediated dilation), B - OIV% (Occlusion-induced vasoactivity), C – FMDDocc% (Flow-

mediated dilation using end-occlusion diameter instead of baseline). Significance is denoted as 

follows: a40-Shoulder vs 42-Waist (FMD p = 0.013, OIV p = 0.004), b40-Shoulder vs 40-Waist (FMD 

p < 0.001, OIV p < 0.001, FMDDocc p = 0.001), c42-Waist vs 40-Waist (OIV p = 0.032), and * Pre vs 

Post in the same condition (40-Shoulder: FMD p < 0.001, OIV p < 0.001, FMDDocc p = 0.029; 42-

Waist: OIV p = 0.024). 

 355 

Correlations –The pre-to-post immersion change in antegrade shear rate displayed a positive 356 

correlation with the change in Dbase (rrm = 0.55, p < 0.001) and a negative correlation with the 357 

change in adjusted FMD% (rrm = -0.30, p = 0.048). The change in adjusted FMD% was 358 

negatively correlated with the change in Dbase (rrm = -0.47, p = 0.001) (Figure 4A), and 359 

positively correlated with the change in adjusted OIV% (rrm = 0.69, p < 0.001) (Figure 4B), 360 

but showed no relationship with the change in adjusted FMDDocc% (rrm = 0.11, p = 0.46). The 361 



change in adjusted OIV% was negatively correlated with the change in Dbase (rrm = -0.56, p < 362 

0.001) (Figure 4C), and the change in adjusted FMDDocc% (rrm = -0.63, p < 0.001) (Figure 363 

4D).  In contrast, the change in adjusted FMDDocc% displayed no relationship with any other 364 

variable. A full correlation matrix for key outcomes along with the breakdown by condition is 365 

shown in the Supplementary Material. 366 

 

Figure 4. Repeated measures correlations between the changes pre – post immersion in selected 

indices of vasoactivity. A - Dbase vs FMD%, B - adjusted OIV vs FMD%, C - Dbase vs OIV%, and D - 

OIV% vs FMDDocc%. Smaller grey lines represent the rmcorr fit for each participant, with the dashed 

black line showing the group average. Abbreviations: Dbase – Baseline diameter, FMD% – Flow-

mediated dilation, OIV% – Occlusion-induced vasoactivity, FMDDocc% – Flow-mediated dilation 

using end-occlusion diameter instead of baseline.  

Discussion 367 

The purpose of the current study was to address the uncertainty surrounding the relative 368 

contributions of heat-induced increases in shear stress and baseline diameter to acute FMD 369 

responses. In accordance with our hypothesis, the condition that had the greatest increases in 370 



baseline diameter post-heating (40-Shoulder), elicited a larger reduction in FMD than the 371 

other two conditions. These reductions in FMD% were still present even when allometrically 372 

scaled for baseline diameter. Indeed, heat-induced increases in baseline diameter were 373 

negatively correlated with reductions in adjusted FMD% across all conditions (rrm = -0.47), 374 

demonstrating an effect of increased diameter that is not fully accounted for through 375 

allometric scaling. A secondary aim was to examine the acute effects of heating on different 376 

indices of vasoactivity to investigate whether these metrics complement or help explain acute 377 

changes in FMD. This study shows that, in response to heat-induced brachial artery 378 

vasodilation, the change in diameter during occlusion (OIV) statistically differentiated the 379 

effects of water temperature, unlike FMD or absolute changes in baseline diameter. 380 

Specifically, higher water temperatures resulted in greater reductions in OIV following waist-381 

deep immersion. Accordingly, this study provides evidence that OIV is a sensitive 382 

complementary metric of vasoactivity in response to acute stimuli, warranting further 383 

exploration. 384 

Heat-induced sustained shear stress, increases in baseline diameter & acute FMD  385 

The present study showed that following 30 minutes of hot water immersion there were 386 

greater reductions in adjusted FMD% in the 40-Shoulder (∆-3.9%) than either the 42-Waist 387 

(∆-1.7%), or 40-Waist (∆0.2%) conditions. The 40-Shoulder condition evoked a larger 388 

absolute increase in both baseline diameter (Dbase) and peak diameter post-occlusion (Dpeak) 389 

compared to the other two conditions. However, there was a greater effect of heating on 390 

baseline diameter (Δ0.43 ± 0.22 mm) than peak diameter post-occlusion (Δ0.24 ± 0.20 mm) 391 

in this condition, which causes the observed reductions in the calculation of adjusted and 392 

unadjusted FMD. When combining data from all conditions, there was a significant negative 393 

correlation between increases in baseline diameter and decreases in adjusted FMD% (rrm = -394 

0.47). In support of this, previous studies have observed larger increases in baseline diameter 395 

(~3-11% vs ~22-28%) and subsequently greater reductions in acute FMD (~2-4% vs. ~6-8%) 396 

in response to a larger heating dose (60 minutes of heating via a water-perfused suit) (Alali et 397 

al., 2020; Chaseling et al., 2023) than that used in the present study. Moreover, this apparent 398 

‘dose response’ may extend beyond heating protocols; for example, higher exercise 399 

intensities also result in larger increases in baseline diameter with subsequent larger decreases 400 

in acute FMD (Birk et al., 2013), however mechanisms such as increased oxidative stress are 401 

also suggested to contribute to acute transient vascular dysfunction following high intensity 402 



exercise (Dawson et al., 2013).  Nevertheless, this study demonstrates a potential 403 

confounding effect of sustained heat-induced increases in baseline diameter on FMD. 404 

The observed increase in baseline diameter in the 40-Shoulder condition occurs in response 405 

to large, sustained elevations in shear stress, with changes in antegrade shear rate showing a 406 

significant positive correlation with increases in baseline diameter (rrm = 0.55) and a negative 407 

correlation with decreases in adjusted FMD% (rrm = -0.30). This effect may explain 408 

previously observed differences in acute FMD following heating whereby acute increases in 409 

antegrade shear rate appear to evoke subsequent increases in FMD (Thijssen et al., 2014; 410 

Tinken et al., 2009), unless they are also accompanied by acute increases in baseline diameter 411 

(Alali et al., 2020; Birk et al., 2013; Chaseling et al., 2023). It is well documented that 412 

arteries with a larger baseline diameter at rest elicit a reduced FMD response, leading to the 413 

recommendation of allometric scaling to account for this statistically (Atkinson & Batterham, 414 

2013). However, this study demonstrates a potential confounding effect of sustained heat-415 

induced increases in baseline diameter on FMD, which persists even after allometric scaling. 416 

Indeed, the confounding effect of baseline diameter in the present context does not directly 417 

relate to structure per se, rather it is linked to endothelial stimulation and the functional 418 

reserve of the vessel, which may explain why allometric scaling does not remove the 419 

observed acute effects following heating. Notably, sustained increases in shear stress from 420 

passive heating may elicit nitric oxide-mediated signaling which differs from that triggered 421 

by transient increases in shear stress used in standard FMD assessments (Tremblay & Pyke, 422 

2018). Accordingly, the greater increase in baseline diameter in the 40-Shoulder condition 423 

may in itself be interpreted as an acute improvement in endothelial function and emphasises 424 

that the observed reductions in FMD may not represent an impairment in endothelial function 425 

as would be traditionally interpreted at rest (Thijssen et al., 2009; Dawson et al., 2013).  426 

Alternate indices of vasoactivity to compliment FMD 427 

The present study showed that vessels with the greatest baseline vasodilation have a larger 428 

reserve capacity to fall back on during occlusion, and those with the greatest diameter 429 

decrease during occlusion possess the largest reserve to increase following cuff release. This 430 

is demonstrated by the relationships between Dbase and OIV (rrm = 0.56) and between OIV 431 

and FMDDocc (rrm = 0.63).These findings are consistent with previous work showing greater 432 

LFMC  in larger vessels (Sen et al., 2020) and that longer heating durations elicit greater 433 

increases in baseline diameter (Δ0.82 mm), OIV (Δ~14%), and FMDDocc (Δ~11%) than those 434 



observed in the present study (Chaseling et al., 2023). Moreover, OIV post-heating was able 435 

to differentiate the effects of immersion depth (i.e. 40-Shoulder Vs 40-Waist) and water 436 

temperature (i.e. 42-Waist Vs 40-Waist), unlike FMD, FMDDocc, or absolute changes in 437 

baseline diameter demonstrating that it is a sensitive measure of changes in vasoactivity.  438 

Accordingly, examining the relative effects of baseline and peak diameter (i.e. FMD) in 439 

isolation may overlook key information about the endothelium. By considering the changes 440 

in arterial diameter throughout the occlusion protocol, more information may be gained about 441 

the vasodilatory reserve and overall vascular environment.  442 

OIV and FMDDocc may provide additional information about the endothelium but require 443 

context specific interpretation. For example, consistent with previous studies this study 444 

observed greater reductions in diameter during occlusion (i.e. OIV or LFMC) post-heating 445 

compared to (pre-heating) resting conditions  (Alali et al., 2020; Chaseling et al., 2023). This 446 

reduction in diameter observed post-heating during occlusion is likely due to reduced 447 

mechanisms of dilation, rather than inducing constriction per se. This is demonstrated in the 448 

40-Shoulder condition where both blood flow (Δ5 ± 34 mL/min) and diameter (Δ0.14 ± 0.22 449 

mm) appear to be elevated during occlusion post-heating compared to pre-heating resting 450 

values. Therefore, despite being mathematically equivalent, OIV and LFMC should be 451 

considered separate metrics depending on whether the measurement was performed at rest or 452 

following an acute (i.e. heating) stimulus. Similarly, FMD calculated using end-occlusion 453 

rather than baseline diameter (FMDDocc) increased post-heating in the 40-Shoulder condition 454 

in agreement with previous studies (Coombs et al., 2021; Chaseling et al., 2023). The 455 

inclusion of FMDDocc as a metric was initially conceived to mitigate the impact of sustained 456 

elevations in shear stress on baseline diameter on the “traditional” calculation of FMD 457 

(Coombs et al., 2021). However, the change in FMD and FMDDocc showed no relationship 458 

with each other (rrm = 0.11) in the present study, demonstrating that these are distinct metrics 459 

that should not be used interchangeably. SRAUC has been identified as the primary stimulus 460 

for FMD at rest (Pyke & Tschakovsky, 2007), however following heating this is confounded 461 

by the increases in baseline diameter following sustained elevation in shear stress. As 462 

FMDDocc measures the immediate changes in diameter following occlusion, this metric may 463 

offer some insights into separating the transient effects of SRAUC from sustained elevations in 464 

shear stress. More research is required to understand the mechanistic basis of the OIV and 465 

FMDDocc responses and to determine their physiological implications; however, they appear 466 



to offer distinct information complimentary to FMD regarding the endothelial environment 467 

following an acute heating stimulus. 468 

Limitations & future directions 469 

Despite clearly demonstrating the effects of immersion depth and water temperature on acute 470 

vasoactive responses and emphasising the importance of baseline diameter and OIV in the 471 

interpretation of this response, the physiological extension of this to repeated exposures and 472 

chronic adaptation warrants some caution and further investigation. Additionally, we have 473 

previously demonstrated distinct region-specific arterial shear rate and diameter responses 474 

following these protocols (Menzies et al., 2025) and further work should explore the potential 475 

interplay between local heated and remote non-heated regions on the measured acute FMD 476 

response. This also means that although brachial artery FMD is reflective of systemic 477 

endothelial function at rest (Broxterman et al., 2019), this is unlikely to translate to acute 478 

FMD following physiological perturbation (e.g. heating or exercise). Finally, temporal 479 

changes in FMD following local and whole-body heating protocols have previously been 480 

reported (Chaseling et al., 2023). Whilst the present study was not designed to investigate 481 

these temporal effects, future research should examine whether they differ between the 482 

additional indices of vasoactivity reported herein, which could aid our understanding of these 483 

metrics and the endothelial response to acute heating.  484 

Summary 485 

This study demonstrated dose-dependent vasoactive responses to different heating protocols, 486 

with 40 °C shoulder-deep immersion producing the greatest reductions in FMD. These effects 487 

were driven by larger shear-stress–induced increases in baseline diameter, which strongly 488 

influenced the subsequent FMD response and highlighted the importance of vasodilatory 489 

reserve. OIV and FMDDocc were identified as distinct but complimentary metrics of 490 

vasoactivity to FMD that warrant inclusion in future studies of endothelial responses to acute 491 

physiological stimuli, with OIV proving the only metric of vasoactivity that distinguished 492 

between all heating conditions in the present study. 493 
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