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ABSTRACT 37 

Type 2 diabetes mellitus (T2DM) is characterized by chronic hyperglycemia and progressive 38 

insulin resistance, leading to macro and microvascular dysfunction. Passive heating has 39 

potential to improve glucose homeostasis and act as an exercise mimetic. We assessed the 40 

effect of acute passive heating before or during an oral glucose tolerance test (OGTT) in people 41 

with T2DM. Twelve people with T2DM were randomly assigned to 3 conditions:1) 3 h OGTT 42 

(CON); 2) 1 h passive heating (40 °C water) 30 min before an OGTT (HOT-OGTT); and 3) 1 43 

h passive heating (40 °C water) 30 min after commencing an OGTT (OGTT-HOT). Blood 44 

[glucose], insulin sensitivity, extracellular heat shock protein 70 (eHSP70), total energy 45 

expenditure (TEE), heart rate (HR), systolic (SBP) and diastolic blood pressure (DBP) were 46 

recorded. Passive heating did not alter blood [glucose] (CON, 1,677 (386) a.u.; HOT-OGTT, 47 

1,797 (340) a.u.; OGTT-HOT, 1,662 (364) a.u.; P = 0.28), insulin sensitivity (P = 0.15), or 48 

SBP (P = 0.18), but did increase [eHSP70] in both heating conditions (CON, 203.48 (110.81) 49 

pg·mL-1; HOT-OGTT, 402.47 (79.02) pg·mL-1; OGTT-HOT, 310.00 (60.53) pg·mL-1; P < 50 

0.001), increased TEE (via fat oxidation) in the OGTT-HOT condition (CON, 263 (33) kcal; 51 

HOT-OGTT, 278 (40) kcal; OGTT-HOT, 304 (38) kcal; P = 0.001), increased HR in both 52 

heating conditions (P < 0.001) and reduced DBP in OGTT-HOT condition (P < 0.01). Passive 53 

heating in close proximity to a glucose challenge does not alter glucose tolerance but does 54 

increase [eHSP70] and TEE, and reduce blood pressure in people with T2DM. 55 

56 

NEW AND NOTEWORTHY  57 

This is the first study to investigate the timing of acute passive heating on glucose tolerance 58 

and [eHSP70] in people with type 2 diabetes. The principal novel findings from this study were 59 

that both passive heating conditions: 1) did not reduce area under the curve or peak blood 60 

[glucose]; 2) elevated heart rate and 3) increased [eHSP70] which was blunted by glucose 61 
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ingestion, whilst passive heating following glucose ingestion 4) increased total energy 62 

expenditure and 5) reduced diastolic blood pressure. 63 

64 

INTRODUCTION 65 

Type 2 diabetes mellitus (T2DM) is a metabolic condition characterized by chronic 66 

hyperglycemia and progressive insulin resistance (28), which progressively lead to macro- and 67 

microvascular damage (87) and subsequent impairments in blood pressure (BP) control (83). 68 

Therapeutic approaches to manage T2DM focus on improving glycaemic control and BP and 69 

include pharmaceutical treatments (e.g. Metformin and insulin), physical activity and exercise, 70 

and calorie restriction (17, 70). However, pharmaceutical interventions can be expensive (59) 71 

and are associated with low adherence (43). Although exercise (25, 59) and diet (25, 59) 72 

programs have been shown to be effective, like pharmaceutical interventions, they often have 73 

poor adherence in people with T2DM (69, 71). With the number of people with T2DM (464 74 

million) continuing to rise (61) and expected to reach 700 million by 2045 (78), the costs 75 

associated with the clinical management of this condition are likely to become unsustainable 76 

(85). There is, therefore, a need to explore the potential of alternative interventions. In 77 

particular, interventions which may be cheaper than clinical management and have better 78 

adherence than exercise, and hypoglycemic agents, to improve glycemic control and 79 

deleterious cardiovascular manifestations of this condition. 80 

81 

Passive heating may be one such intervention with therapeutic potential. Initial work 82 

investigating chronic passive heating in T2DM using whole body water immersion (30 min at 83 

37.8 – 41 °C water immersion for 10 days) showed improvements in glycaemic control (37), 84 

with subsequent chronic immersion studies in healthy people, showing improved 85 

cardiovascular health and endothelium-dependent dilatation (10). However, there is a paucity 86 
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of knowledge about acute passive heating using water immersion in people with T2DM. In 87 

rodent models, acute passive heating before a glucose challenge has been shown to improve 88 

glucose tolerance (44, 54) and insulin-stimulated glucose uptake (31, 44). However, trials in 89 

humans (healthy adults) have revealed conflicting results. Specifically, following acute passive 90 

heating, both reductions (16, 19) and increases (20, 47) in [glucose] have been reported. 91 

Different findings in these studies could be due to different heating modalities (i.e. air (20) and 92 

water (19, 47)), measurement techniques (i.e. continuous glucose monitors (19) and venous 93 

plasma glucose (16, 20, 47)), and measurement sites for deep body temperature (i.e. aural (20), 94 

rectal (16, 19) and gastrointestinal tract (47)) or difference in participant characteristics e.g. 95 

BMI (16, 19, 20, 47).  96 

97 

Early evidence in people with T2DM suggests that acute passive heating using water has no 98 

effect on glycemic control (6, 75). One possible reason for the lack of effect of acute passive 99 

heating on glucose tolerance in people with T2DM (6, 75) could be the timing of the heating 100 

in relation to a glucose challenge. For instance, Rivas et al., (75) performed an oral glucose 101 

tolerance test (OGTT) 24 hours after the acute heating bout and is likely to have missed the 102 

acute effect of increased skeletal muscle blood flow (4, 34), increases in [eHSP70] which peak 103 

2-4 hours post heating (89) and therefore, missed any associated improvements in insulin104 

mediated glucose uptake via reduced inflammation (65). However, heat stress from immersion 105 

in water ≥ 39 °C can also increase levels of stress hormones such as epinephrine and growth 106 

hormone (47), which can impair insulin-mediated glucose uptake (47). If passive heating does 107 

effect hormones responsible for glucose uptake then both the proximity of the heat stress and 108 

the modality of heating (i.e. ambient conditions, duration, temperature of water, deep body 109 

temperature reached) may be critical factors which influence efficacy. Importantly, following 110 

glucose ingestion and / or exercise, glucose transporter 4 (GLUT4) translocates to the plasma 111 
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membrane of skeletal muscle cells and peaks after 30 min (9). Accordingly, the timing of 112 

immersion relative to glucose ingestion is also likely to be important in maximizing blood 113 

glucose uptake into skeletal muscle cells. There is, therefore, a rationale for investigating how 114 

passive heating affects glucose tolerance if performed shortly before or shortly after initiation 115 

of a glucose challenge. 116 

117 

Passive heating elicits many of the same physiological effects as exercise does and could offer 118 

an alternative for those unwilling/unable to undertake exercise. Multiple passive heating 119 

modalities have been utilized, such as warm air (40, 57) and water perfused suits (34, 55), 120 

whilst contemporary studies typically utilize warm water (6, 19, 47, 75) as it elicits the fastest 121 

rise in deep body temperature (8) and may be more practical (i.e. hot bath). There  are a number 122 

of physiological mechanisms by which acute passive heating may have beneficial effects on 123 

markers of cardiovascular and metabolic health, including: improved glucose tolerance (19, 124 

31, 44); increased insulin-mediated glucose uptake (31, 44); reduced BP (13) and improved 125 

macro- (6, 10) and microvascular function (27). The physiological responses purported to 126 

underlie these changes to cardiovascular and metabolic health include 1) increased skeletal 127 

muscle blood flow, however, this has only been shown in non-water immersion studies (4, 34) 128 

2); increased heart rate (HR) (53); increased insulin sensitivity (44, 54); 3) increased heat shock 129 

proteins (HSP) (19, 89); 4) improved inflammatory status (11) and 5) increased energy 130 

expenditure (EE) (19). Thus, based on the aforementioned responses, passive heating could be 131 

considered as an exercise mimetic, given the many similarities in the physiological responses 132 

that are elicited. However, little is known regarding the tolerability and feasibility of passive 133 

heating (55, 74) in people with T2DM. Consequently, there is a need to evaluate how people 134 

feel (e.g. comfort, exertion,) during passive heating to further understand its feasibility as an 135 

alternative intervention strategy. 136 
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137 

In summary, given the contradictory evidence on the effects of acute passive heating on 138 

glycemic control and cardiovascular function, further investigation is warranted. To date, no 139 

studies have investigated the timing of an acute passive heating bout in relation to glucose 140 

ingestion, on metabolic health and BP in people with T2DM. Therefore, this study aimed to 141 

investigate the effect of acute passive heating (in water) on blood [glucose] during an OGTT, 142 

and whether the effects were altered by the timing of the passive heating stimulus (i.e. before 143 

or during a glucose challenge). We hypothesized that: 1) both acute passive heating conditions 144 

would reduce AUC blood [glucose]; 2) the timing of passive heating would not alter its effect 145 

on AUC blood [glucose]; 3) both passive heating would reduce BP; 4) both acute passive 146 

heating conditions would increase thermal sensation but would remain comfortable in people 147 

with T2DM: and 5) both acute passive heating conditions would increase [eHSP70] in people 148 

with T2DM. 149 

150 

METHODS 151 

Participants  152 

People were recruited if they had a clinical diagnosis of T2DM as defined by the WHO (62), 153 

were at least 35 years old and were willing and able to provide fully informed written consent 154 

to participate. Exclusion criteria comprised of: severe peripheral neuropathy, skin ulcerations, 155 

uncontrolled hypertension (≥ 180/100 mmHg), cardiac abnormalities that prohibited hard 156 

exercise (e.g. cyanotic defect, pumping issues, abnormal rhythms), or any other serious medical 157 

condition (e.g. metastasized cancer, dementia/lacking capacity to consent) that may have 158 

interfered with data interpretation or compromise participant safety. Additionally, current 159 

smokers (including those who had stopped in the past 3 months) and anyone who had 160 
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experienced a previous myocardial infarction or cerebrovascular event were excluded from 161 

participation. Participants were recruited (see Table 1) from primary care (using General 162 

Practitioner (GP) mail outs), adult diabetes outpatient clinics at the Queen Alexandra Hospital 163 

(Portsmouth Hospitals University NHS Trust) and local diabetes awareness events. Participant 164 

flow through the trial is shown in Figure 1. A favourable ethics opinion was granted by the 165 

Hampshire A National Health Service (NHS) Research Ethics Committee (18/SC/0581) and 166 

the Health Research Authority. The study was registered on the ClinicalTrials.gov website (ID 167 

# NCT03798717).  168 

169 

Our primary outcome was blood [glucose] area under the curve (AUC). An a priori sample 170 

size calculation was performed to estimate the required n. For 90 % power with an α-level set 171 

at P < 0.05 (two-tailed) to detect a 1 SD difference (similar to previous studies with this 172 

outcome measure (30, 35), 13 people were required for this study. In order to account for drop-173 

outs, we aimed to recruit 20 adults with T2DM. 174 

175 

Study design 176 

Overview 177 

Participants were allocated to begin the study in a control condition or one of two experimental 178 

conditions, in a randomized (random.org), balanced crossover, control trial. The control 179 

condition was an OGTT in 23 oC air and ~ 43 % RH (CON); and experimental conditions were 180 

1) an OGTT 30 min prior to a 60 min immersion in ~ 40 oC water, in 23 oC air and ~ 43 % RH181 

(OGTT-HOT); and 2) an OGTT 30 min after a 60 min immersion in ~ 40 oC water, 23 oC air 182 

and ~ 43 % RH (HOT-OGTT). Data were collected for HR, BP, thermal sensation, thermal 183 

comfort, EE and substrate utilization. Data collection and blood collection periods ran for 5 184 
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min prior to each 30 min time point of the 180 min OGTT. Each experimental trial was 185 

completed on a separate day, with a minimum of 48 h and maximum of 4 weeks between trials. 186 

187 

Pre-experimental visit  188 

Participants were required to attend the laboratory on four occasions. The first visit consisted 189 

of the written informed consent process (> 48 h from receipt of participant information sheet), 190 

a health history questionnaire, measuring resting BP (M5-1, Omron, Kyoto, Japan), 191 

undertaking a resting 12-lead electrocardiogram (ECG) (Stress ECG, Cosmed, Italy), and 192 

providing a blood sample from a prominent forearm vein, to determine full blood count and 193 

glycated hemoglobin (HbA1c). Subsequently, participants were familiarized with all equipment 194 

and procedures to be used in the subsequent experimental visits. Following enrollment into the 195 

trial, a letter was sent to their GP to inform them of their participation in the trial.  196 

197 

Pre-visit instructions 198 

Prior to each experimental visit, participants were asked to maintain their normal diet for 48 h 199 

before visiting the laboratory; this was logged using a food diary before the first visit to enable 200 

replication before all subsequent experimental visits. Participants were also asked to avoid any 201 

exercise, hot baths and/or saunas for the 48 h preceding each visit. To ensure participants 202 

arrived in a euhydrated state, they were asked to consume ≥ 17 mL·kg-1 (body mass) of water 203 

the day before each experimental visit and 300 mL of water upon waking on the morning of 204 

each visit (7). In line with OGTT guidelines, participants were required to fast for at least 12 h 205 

and were asked to refrain from taking their diabetes medications on the morning before 206 

attending the laboratory for each experimental visit (80). Clothing was standardized for all 207 

participants and consisted of a bathing suit and t-shirt for all experimental visits. 208 

209 
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Control trial and experimental visits 210 

CON 211 

For the CON condition, participants arrived at the laboratory at 08:30 and sat in a semi 212 

recumbent position in a thermally comfortable room (23 °C, ~ 43 % RH) for the entirety of the 213 

visit. Thermoneutral water was not used in the CON condition as OGTTs in clinical practice 214 

are usually conducted in air. Baseline measurements of HR (Dynascope DS-7200, Fukuda, 215 

Tokyo, Japan), BP (M5-1, Omron, Kyoto, Japan), EE and substrate oxidation (Quark CPET, 216 

Cosmed, Italy), blood [glucose], plasma [insulin] and [HSP70] were taken. Venous blood was 217 

collected via a cannula (Versatus winged and ported intravenous cannula, Terumo, Tokyo, 218 

Japan) inserted in either the antecubital fossa, dorsal hand or the cephalic vein in the forearm. 219 

A total of 17 mL of blood was drawn at each time point (every 30 min) and the cannula 220 

subsequently flushed each time with saline to maintain patency. Once baseline measures had 221 

been taken, a 3 h OGTT commenced with the ingestion of 75 g of glucose (Rapilose, Penlan 222 

Healthcare, Weybridge, UK). All baseline measurements were then repeated for 5 min at 30 223 

min intervals, with the exception of beat-by-beat HR which was continuously measured 224 

thought the OGTT. 225 

226 

OGTT-HOT and HOT-OGTT 227 

The OGTT-HOT condition had identical measurements to the CON condition, with the 228 

addition of rectal temperature (Trec). Trec was recorded continuously throughout the OGTT, as 229 

well as subjective ratings of thermal sensation and thermal comfort (see Trec, thermal sensation 230 

and thermal comfort section), which were recorded at baseline and every 30 min thereafter. 231 

Thirty min into the OGTT, the participant was immersed in a supine position to the clavicle in 232 

a hot tub (Hawaii Lay-Z-Spa, Bestway, London, UK), with the cannulated arm out (to ensure 233 

access and patency) for 60 min (water temperature ~ 40 oC, consistent with current literature 234 
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(6, 19)) to facilitate rapid heating (8, 47). Subsequently, body position was manipulated during 235 

immersion by moving the torso out of the water (and back in if needed) to achieve and maintain 236 

a target Trec of ~ 38.5 oC. A target Trec of 38.5 oC was chosen as it was the highest ethically 237 

acceptable deep body temperature in people with T2DM, that still has evidence to support 238 

increases in muscle blood flow (67) and eHSP70 (46). Following the immersion, participants 239 

were towel dried and dressed in a toweled robe before being immediately relocated into a 240 

thermally comfortable room (23 °C, ~ 43 % RH) where they remained in the supine position 241 

for the reminder of the 3 h OGTT. The HOT-OGTT condition employed identical procedures 242 

to OGTT-HOT, except that the hot water immersion started immediately following a 15 min 243 

rest period, in a semi-recumbent position, in a thermally comfortable room and the OGTT 244 

commenced 30 min after the 60 min period of hot water immersion. 245 

246 

Outcome measures    247 

Blood [glucose], plasma [insulin] and plasma [HSP70] 248 

Blood [glucose] was measured using an automated glucose and lactate analyzer (Biosen C-249 

Line, EKF, Cardiff, UK). Venous blood samples were drawn into Ethylenediaminetetraacetic 250 

acid K2, (BD, NJ, USA), placed in a chilled centrifuge (Heraeus multifuge 3 S-R, DJB labcare, 251 

Buckinghamshire, UK) at 4 °C and spun for 10 min at 4500 g, with the resultant plasma pipetted 252 

into aliquots with a link anonymised code for subsequent analysis of plasma [insulin], and 253 

[eHSP70]. The samples were then placed in a -80 oC freezer. Plasma [insulin] was analyzed in 254 

duplicate using an Access Ultrasensitive Insulin assay (Access Immunoassay System, 255 

Beckman Coulter, CA, USA)) (CV; insulin ≤ 5.6%). [eHSP70] was analyzed in duplicate using 256 

duoset ELISA kits (R&D systems, Abingdon, UK) eHSP70 CV = 7.9%). 257 

258 

EE and substrate utilization 259 
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Participants were asked to wear a mouthpiece with a nose clip for 5 min at baseline and for the 260 

5 min period prior to every subsequent 30 min time point. EE was estimated by indirect 261 

calorimetry (Quark CPET, Cosmed, Italy). The metabolic cart was calibrated in line with 262 

manufacturer’s recommendations. The O2 and CO2 analyzers were calibrated using known 263 

concentrations of O2, CO2 and N2 gas mix whilst the volume transducer was calibrated with a 264 

3 L air syringe (Hans Rudolph, Kansas, USA). Pulmonary gas exchange and ventilation were 265 

measured breath-by-breath and averaged into 20 s time bins. 266 

267 

HR and BP 268 

HR was derived from an ECG (10 Hz) (Dynascope DS-7200, Fukuda, Tokyo, Japan) which 269 

was recorded using an acquisition system (Powerlab, AD instruments, Australia) and software 270 

(Labchart 8, AD instruments, Australia). BP was recorded at each time point using an 271 

automated brachial BP cuff (M5-1, Omron, Kyoto, Japan). 272 

273 

Trec, thermal sensation and thermal comfort 274 

Trec was measured via a rectal thermistor (Edale Instruments, Cambridge, UK), which was self-275 

inserted to a 15 cm depth beyond the anal sphincter. A data acquisition system logged data 276 

(Squirrel 2020, Grant, Cambridge, UK) and Trec was recorded continuously (10 Hz) throughout 277 

the visit. Subjective ratings of perceived thermal sensation and thermal comfort  were measured 278 

on a visual analogue scale (90). The scale ranged from 0-20 with thermal sensation 0 being 279 

‘very cold’ and 20 ‘very hot’, and thermal comfort 0 being ‘very uncomfortable’ and 20 being 280 

‘very comfortable’. 281 

282 

Data Analysis 283 
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EE was calculated according to ISO 8996 (51). The quantitative insulin sensitivity check index 284 

(63) was used to calculate insulin sensitivity at baseline and the Gutt method (63) was used285 

during the OGTT. Grand means (SD) were calculated for total EE (TEE), total carbohydrate 286 

(CHO) oxidation, total fat oxidation, HR, systolic BP (SBP) and diastolic BP (DBP) over the 287 

3 h OGTT. V̇ E, V̇O2, V̇CO2 and RER means (SD) were also calculated from 5 min periods 288 

before every time point for each condition. Data are presented as mean (SD) unless otherwise 289 

stated. Statistical analyses were performed on Statistical Package for the Social Sciences 290 

software version 25.0 (IBM, Chicago, IL). All data was tested for normality using the Shapiro-291 

Wilk test. For normally distributed data, repeated measures one-way analysis of variance 292 

(ANOVA) were used to identify differences between conditions for blood [glucose] (AUC and 293 

peak), plasma [insulin], insulin sensitivity, HR, BP, TEE, total CHO oxidation and total fat 294 

oxidation. Two-way repeated measures ANOVA was used for [eHSP70] and all pulmonary 295 

parameters. All biomarkers were checked with the Dill and Costill method (15) to account for 296 

plasma volume corrections. Where there were no statistical differences between uncorrected 297 

and corrected values, the original values were presented. Mauchly’s test of sphericity was used 298 

to determine if any data violated the assumption of spherical data. If violated, sphericity was 299 

accounted for using the Greehouse-Geisser correction. Measures for the ANOVA effect size 300 

were reported as partial eta squared (η2p) (small = 0.01; medium = 0.06; large = 0.14) (12). 301 

Where significant differences were observed (P < 0.05), post-hoc tests were performed using 302 

LSD pairwise comparisons. For non-parametric data, Friedman’s test was performed for 303 

comparisons across the three conditions (within conditions for thermal sensation and thermal 304 

comfort) and a Wilcoxon-Signed rank test was used for pairwise comparisons. Pearson 305 

product-moment correlations (with calculated R2) were performed between maximum Trec and 306 

all outcome measures (small = ~0.10; medium = ~0.20; large = ~0.30) (24). The full data set 307 
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for this trial has been made available on our university repository 308 

(https://doi.org/10.17029/fbdc9fdd-6ecc-40ef-b318-0f49aa33ce1d). 309 

310 

RESULTS 311 

Twenty people with T2DM provided fully informed written consent to participate, with 12 312 

people completing all visits. A detailed overview of participant recruitment and withdrawal is 313 

presented in Figure 1. Briefly, following consent and screening, 8 people were not able to 314 

complete all of the trials due to: commitments caring for a family member (n = 1); unexplained 315 

vasovagal syncope (n = 1); inclusion criteria not met post-screening visit (n = 3); inability to 316 

self-instrument (n = 1), laboratory closure due to the novel coronavirus 2019 global pandemic 317 

(n = 1) and withdrawn consent (n = 1). We report two adverse events from 39 experimental 318 

visits, both being episodes of vasovagal syncope with no sequela. Both incidents were reviewed 319 

by an independent medical officer who confirmed that one was not related to the trial but the 320 

other occurred when passive heating ceased during the HOT-OGGT trial and may have resulted 321 

from postural change and the reduction in hydrostatic pressure whilst peripherally vasodilated. 322 

The participant was removed from the water and was able to return for subsequent trials. 323 

324 

Blood [glucose] and insulin sensitivity 325 

Passive heating had no significant effect on AUC blood [glucose] (CON, 1677 (386) arbitrary 326 

units (a.u).; HOT-OGTT, 1797 (340) a.u.; OGTT-HOT, 1662 (364) a.u.; F(1,2) = 1.35, P = 0.28, 327 

η2p = 0.12) (Figure 2a) or peak blood [glucose] (CON, 13.3 (3.2) mmol·L-1; HOT-OGTT, 14.3 328 

(2.9) mmol·L-1; OGTT-HOT, 13.1 (2.5) mmol·L-1; F(1,2) = 1.02, P = 0.38, η2p = 0.10) (Figure 329 

2b). Passive heating had no significant effect on insulin sensitivity (CON, 52.00 (11.56) a.u.; 330 
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HOT-OGTT, 47.45 (13.86) a.u.; OGTT-HOT, 56.51 (13.85) a.u.; F(1,2) = 2.07, P = 0.15, η2p =331 

0.16) (Figure 2c). Glucose curves are presented in Figure 3. 332 

333 

[eHSP70] 334 

Passive heating significantly increased [eHSP70]  compared to CON, with the elevation being 335 

greater in HOT-OGTT at 0 (CON, 324 (154) pg·mL-1; HOT-OGTT, 507 (112) pg·mL-1; 336 

OGTT-HOT, 364 (81) pg·mL-1; F(1,1.1) = 7.1, P = 0.04, η2p = 0.59), a main effect at 90 (CON, 337 

241 (118) pg·mL-1; HOT-OGTT, 370 (91) pg·mL-1; OGTT-HOT, 321 (105) pg·mL-1; F(1,2) =338 

4.5, P = 0.04, η2p = 0.47) and elevation being greater in HOT-OGTT at 180 min (CON, 215 339 

(125) pg·mL-1; HOT-OGTT, 381 (70) pg·mL-1; OGTT-HOT, 316 (74) pg·mL-1; F(1,1..1) = 13.4,340 

P = 0.01, η2p = 0.73). For post-hoc analysis see figure 4. 341 

342 

EE and substrate oxidation 343 

The ANOVA demonstrated a significant effect of condition on TEE over the 3 h OGTT (CON, 344 

263 (33) kcal; HOT-OGTT, 278 (40) kcal; OGTT-HOT, 304 (38) kcal; F(1,2) = 10.89, P = 0.001, 345 

η2p = 0.50) (Figure 5a). Post-hoc analysis showed that passive heating resulted in a higher TEE 346 

in OGTT-HOT compared to CON (t(11) = -3.89, P < 0.01, η2p = 0.58) and HOT-OGTT (t(11) =347 

4.54, P = 0.001, η2p = 0.65) with no difference between CON and HOT-OGTT (t(11) = -1.54, P 348 

> 0.05, η2p = 0.18). Passive heating did not alter total energy from CHO oxidation (CON, 158349 

(58) kcal; HOT-OGTT, 143 (64) kcal; OGTT-HOT, 162 (59) kcal; F(1,2) = 0.71, P = 0.50, η2p =350 

0.06) (Figure 5b), but did alter the total energy from fat oxidation (CON, 104 (61) kcal; HOT-351 

OGTT 135 (55) kcal; OGTT-HOT, 146 (66) kcal; F(1,2) = 4.01, P = 0.03, η2p = 0.27) (Figure 352 

5c). Post-hoc analysis showed that passive heating resulted in higher total energy from fat 353 

oxidation in both HOT-OGTT (t(11) = -2.21, P = 0.045, η2p = 0.31) and OGTT-HOT (t(11) = -354 
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2.51, P = 0.03, η2p = 0.36) compared to CON, but no differences were found between HOT-355 

OGTT or OGTT-HOT (t(11) = 0.77, P = 0.46, η2p = 0.05). 356 

357 

Pulmonary parameters  358 

There was a difference in V̇E (F(1,12) = 12.43, P < 0.001, η2p = 0.58), V̇O2 (F(1,12) = 15.49, P < 359 

0.001, η2p = 0.63), V̇CO2 (F(1,12) = 12.33, P < 0.001, η2p = 0.58) and RER (F(1,12) = 4.15, P < 360 

0.001, η2p = 0.32) between conditions depending on the OGTT time. See table 2 for post-hoc 361 

results. 362 

363 

HR and BP 364 

There was a significant effect of condition on average HR over the 3 h OGTT (CON, 67 (11) 365 

beats·min-1; HOT-OGTT, 73 (14) beats·min-1; OGTT-HOT, 82 (12) beats·min-1; F(1,2) = 35.45, 366 

P < 0.001, η2p = 0.76) (Figure 6a). Post-hoc analysis showed that passive heating increased 367 

average HR over the 3 h OGTT in the OGTT-HOT condition compared to the CON (t(11) = -368 

7.83; P < 0.001; η2p = 0.85) and HOT-OGTT (t(11) = 5.04; P < 0.001; η2p = 0.56) conditions. 369 

The average HR in HOT-OGTT condition was also increased compared to CON condition over 370 

the 3 h OGTT (t(11) = -3.70; P < 0.01; η2p = 0.70). 371 

372 

Passive heating had no effect on average SBP over the 3 h OGTT (CON, 134 (12) mmHg; 373 

HOT-OGTT, 129 (11) mmHg; OGTT-HOT, 129 (12) mmHg; F(1,2) = 1.88, P = 0.18, η2p = 0.15) 374 

(Figure 6b). Passive heating significantly reduced average DBP over the 3 h OGTT (CON, 85 375 

(9) mmHg; HOT-OGTT, 82 (8) mmHg; OGTT-HOT, 78 (6) mmHg; F(1,2) = 8.82, P < 0.01, η2p376 

= 0.45). Post-hoc analysis showed that passive heating significantly decreased average DBP in 377 

the OGTT-HOT condition compared to CON (t(11) = 4.27; P = 0.001; η2p = 0.62) and HOT-378 
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OGTT(t(11) = -2.54; P = 0.03; η2p = 0.37), with no difference between HOT-OGTT and CON 379 

conditions (t(11) = 1.80; P = 0.10; η2p = 0.23). 380 

381 

Trec 382 

During passive heating in both the OGTT-HOT and HOT-OGTT conditions, Trec significantly 383 

increased from baseline (OGTT-HOT, +1.86 (0.33) °C t(11) = 19.54; P < 0.01; η2p = 0.97, HOT-384 

OGTT, +1.86 (0.32) °C; t(11) = 20.08; P < 0.01; η2p = 0.97) and the target Trec of ≥ 38.5 °C was 385 

achieved (maximum temperature attained: OGTT-HOT, 38.58 (0.27) °C; HOT-OGTT, 38.68 386 

(0.27) °C). There were significant correlations found between maximum Trec and total fat 387 

oxidation in the OGTT-HOT conditions (r = 0.66, P = 0.02, R2 = 0.44) and HOT-OGTT (r = 388 

0.59, P < 0.05, R2 = 0.34). 389 

390 

Thermal sensation and comfort 391 

In the OGTT-HOT condition, by the end of the passive heating period, thermal sensation (χ2(6) 392 

= 32.58, P < 0.01) had increased to ‘warm’ (16.5 (2.6)), from a baseline of ‘neutral’ (10.6 (2.0)) 393 

(Z = -2.98, P < 0.01) and by the end of the OGTT it decreased to ‘slightly warm’ (12.2 (3.0)) 394 

(Z = -2.51, P = 0.01). In the HOT-OGTT condition, thermal sensation decreased over the 395 

duration of the OGTT (χ2(6) = 26.78, P < 0.01) from ‘slightly warm’ (13.3 (2.5)) to ‘neutral’ 396 

(9.4 (3.7)) (Z = -2.85, P < 0.01). There was no difference in thermal comfort in either HOT-397 

OGTT condition (15.6 (0.6); χ2(6) = 5.36, P = 0.50) or OGTT-HOT condition (15.0 (0.8); χ2(6) 398 

= 2.18, P = 0.90) with participants reporting feeling ‘comfortable’ throughout the OGTT.  399 

400 

DISCUSSION 401 

This study was the first to investigate the timing of an acute passive heating bout in hot water 402 

on glucose tolerance in people with T2DM. Specifically, we examined the effects of the timing 403 
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of passive heating (bathing) on AUC blood [glucose] and peak blood [glucose], plasma 404 

[insulin], plasma [eHSP70], EE and substrate utilization, BP, HR and perceptual responses 405 

during a 3 h OGTT. The principal novel findings from this study were: 1) neither the HOT-406 

OGTT condition nor the OGTT-HOT condition (i.e. heating before or during a glucose 407 

challenge) significantly altered AUC or peak blood [glucose]; 2) TEE (specifically, via an 408 

increase in fat oxidation) was significantly increased in OGTT-HOT; 3) both the HOT-OGTT 409 

and OGTT-HOT conditions significantly elevated HR; 4) the OGTT-HOT condition 410 

significantly reduced DBP throughout the OGTT and 5) that acute passive heating increases 411 

[eHSP70] and that this rise is blunted by glucose ingestion. These findings suggest that an acute 412 

bout of passive heating in close proximity to a glucose challenge does not significantly alter 413 

glucose tolerance in people with T2DM (reject hypothesis 1).Our findings also suggest that an 414 

acute bout of passive heating in close proximity to a glucose challenge: does not significantly 415 

alter blood [glucose] depending on the timing for heating (accept hypothesis 2), significantly 416 

reduces DBP, (accept hypothesis 3), increases thermal sensation to “warm” and decreases 417 

thermal comfort to “just comfortable” (reject hypothesis 4), and does increase [eHSP70] in 418 

people with T2DM (accept hypothesis 5). Finally, passive heating was well tolerated. 419 

420 

Blood [glucose] 421 

Although chronic passive heating (via increased HSP's and reduced inflammatory status) has 422 

been shown to reduce fasting plasma glucose and lower HbA1c (37), in the present acute study, 423 

we report no difference between any of the conditions for AUC or peak blood [glucose] from 424 

an acute bout of passive heating. In line with one other study using hot water (75) and 425 

preliminary data (6), the HOT-OGTT condition did not significantly alter blood [glucose] and 426 

neither did administering the heating post glucose ingestion. One purported mechanism for 427 

passive heating lowering blood [glucose] is via increased skeletal muscle blood flow (4, 34), 428 
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however, this was found during local heating using a water perfused suit (34). It should be 429 

noted that when immersed in water, hydrostatic pressure can induce cephalad redistribution of 430 

blood to the central vasculature (14). Given the findings from the present study and others that 431 

have investigated acute passive heating  in water in people with T2DM (6, 75), we propose that 432 

any increases in glucose uptake that may be occurring from increased skeletal muscle blood 433 

flow (84) are possibly being offset by increased sympathetic nerve activity, which  stimulates 434 

hepatic gluconeogenesis and increases blood [glucose] (33). Another possible explanation for 435 

the lack of effect on blood [glucose] could be that Trec was not sufficiently high (OGTT-HOT, 436 

38.58 (0.27) °C; HOT-OGTT, 38.68 (0.27) °C) for a long enough duration (time spent above 437 

38.5 °C: OGTT-HOT, 20.17 (16.66) min; HOT-OGTT, 21.92 (21.07) min). However, this is 438 

unlikely to be the case given that [eHSP70] response was so pronounced. 439 

440 

While we demonstrated that passive heating 30 min before or 30 min after a 75g glucose 441 

ingestion did not lower [glucose], we cannot preclude an effect from different immersion times, 442 

and importantly there was no adverse effect of either heating intervention on blood [glucose]. 443 

Previous studies that have investigated acute passive heating have all conducted passive 444 

heating prior to a glucose challenge (6, 19, 47, 75) and the only study that showed 445 

improvements in glycemic control (in healthy humans) used a similar heating method to the 446 

current study (19). We cannot exclude the possibility that repeated, or chronic, passive heating 447 

may improve glucose tolerance, fasting blood [glucose] and HbA1c. Indeed, studies that have 448 

investigated chronic passive heating effects on markers of metabolic health, such as AUC blood 449 

[glucose], peak blood [glucose], HbA1c and fasting blood [glucose] levels, have showed that it 450 

may work in animal models (11, 44), healthy people (11) and those with T2DM (37). These 451 

differences in acute vs. chronic passive heating may at least be in part due to the divergent 452 

mechanisms of action. Briefly, studies assessing glucose homeostasis have also shown that 453 
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passive heating acutely increases muscle blood flow (2, 4, 34, 67), whilst both acute (19, 23, 454 

26, 31) and chronic (5, 11, 16, 30, 36, 76) passive heating increased [HSP]. Conversely, acute 455 

passive heating impairs inflammatory profile (19, 36), whilst chronic passive heating improves 456 

inflammatory profile (64, 91). Additionally, chronic passive heating favorably changes the gut 457 

microbiome (45). 458 

459 

Insulin sensitivity 460 

For the first time, we present data on the effect of acute passive heating on insulin sensitivity 461 

during an OGTT in people with T2DM. We showed that acute passive heating did not change 462 

insulin sensitivity regardless of the time it was performed in relation to glucose ingestion. Our 463 

findings are contrary to the improvements in insulin sensitivity demonstrated in  acute passive 464 

heating studies in diabetic animal models (31) and acute exercise studies in healthy humans 465 

(50, 60). Purported mechanisms for improvements in insulin sensitivity from passive heating 466 

are likely due to acute increases in HSP (19, 31, 36), which suppress inflammation (22, 36, 49)467 

and subsequently improve insulin sensitivity and insulin-mediated glucose uptake into skeletal 468 

muscle (19, 31, 36). Differences between previous studies and our findings could be due to 469 

assessment of insulin sensitivity being performed 12 - 24 h post heat treatment / exercise (31, 470 

60). Interestingly, intracellular HSP70 has been shown to increase within one hour (56), but 471 

[eHSP70] peaks twice after acute heating at  2 - 4 h and ~12 h post heating (89) which could 472 

mean that changes in insulin sensitivity could occur with an acute intervention. 473 

474 

eHSP70 475 

People with T2DM have reduced [eHSP70] which contributes to the pathogenesis of T2DM 476 

via increased insulin resistance (1). This study is the first to show that passive heating can 477 

increase [eHSP70] in people with T2DM. There was a rise in both heating conditions compared 478 
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to CON which supports data from animal models (5).Despite these rises in [eHSP70] we report 479 

no change in AUC or peak [glucose]. Potential explanations for the this include; increases in 480 

stress hormones (i.e. epinephrine and growth hormone) due to passive heating which have 481 

previously been shown to impair glucose uptake (47), no change in inflammatory status (65), 482 

and the possibility that repeated exposures maybe required (37, 91). Future studies should 483 

examine the kinetics of [eHSP70] and changes in stress hormones and inflammation across 484 

time. Of note, [eHSP70] was raised in the HOT-OGTT condition compared to the OGTT-HOT 485 

condition. Glucose ingestion is the only difference between these conditions (when you time 486 

align for the passive heating), therefore, we suggest glucose ingestion (including rises in 487 

circulating incretins and insulin) is attenuating the rise in [eHSP70]. Interestingly, exercise 488 

induced increases in [eHSP70] have also been shown to be blunted by glucose ingestion (21). 489 

We propose passive heating sessions should be conducted before eating. 490 

491 

EE and substrate oxidation 492 

For the first time, we show that passive heating following glucose ingestion (i.e OGTT-HOT 493 

condition) elicited a higher TEE over the 3 h OGTT compared to the HOT-OGTT and the CON 494 

conditions in people with T2DM. We report no change in CHO oxidization from passive 495 

heating in people with T2DM and the increase in TEE was due to an increase in total fat 496 

oxidation in OGTT-HOT condition compared to CON. A significantly elevated fat oxidation 497 

was also seen in the HOT-OGTT condition compared to CON (but this was not large enough 498 

to raise TEE to a statistically significant level). The only other study to have measured EE post 499 

passive heating was in healthy people (19) that also report an increased EE. The increase in EE 500 

found in the current study may be linked to the effects of heating on activation of 5’ adenosine 501 

monophosphate-activated protein kinase (AMPK) (26), which plays a critical role in 502 

facilitating skeletal muscle glucose uptake by translocating GLUT4 to the muscle cell 503 
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membrane (39). Given there was no change in blood [glucose] or CHO oxidation, it is unlikely 504 

the AMPK mechanism was responsible for the changes in EE observed. The increase in EE 505 

may also be attributed to an increase in circulating leptin (48, 75), which causes prolonged 506 

sympathetically mediated thermogenesis in brown adipose tissue (half-life ~25 min) (48, 73). 507 

Additionally, the increase in fat oxidation could also be explained by the increase in deep body 508 

temperature triggering sympathetically-mediated release of epinephrine (72), which has been 509 

linked to increased lipid metabolism (68, 79). Participants V̇O2  and metabolic equivalent of 510 

passive heating was significantly increased for up to 2 h after the passive heating started in the 511 

OGTT-HOT condition compared to CON (Table 2) and suggests our cohort were ‘exercising’ 512 

at low intensity (32, 41) and predominantly burning fat. Additionally, whilst we found a 513 

significant increase in TEE from the OGTT-HOT condition (~50 kcal), its clinical relevance 514 

could be questioned during one acute passive heating bout. However, the accumulative effect 515 

of this increase in TEE may become clinically meaningful if the intervention were to be 516 

regularly repeated. 517 

518 

BP and HR 519 

Both heating conditions elicited a higher mean HR over the 3 h OGTT, with OGTT-HOT 520 

higher than HOT-OGTT. This finding supports an overwhelming consensus that passive 521 

heating increases HR in both healthy (13, 55) and T2DM (6, 75) cohorts. Interestingly, the HR 522 

achieved from the protocol in our study and others that use similar protocols (6, 75), is 523 

synonymous with that of low intensity exercise undertaken in other older populations (18, 66). 524 

Given that regular low-moderate intensity exercise and passive heating have both been shown 525 

to lower HbA1c (37, 88), increase HR (19, 75), increase EE (19), expand plasma volume (81, 526 

82), improve muscle function (58), improve vascular function (10) and increase maximal 527 

oxygen uptake (3, 32), we suggest that passive heating could be used as an a low intensity 528 
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exercise mimetic in this cohort and could improve cardiorespiratory fitness. Participants in the 529 

current study reached similar predicted HR max values as exercise studies in T2DM and 530 

impaired glucose tolerance people, which showed improvements in cardiorespiratory fitness 531 

(29, 42). Additionally, skeletal muscle blood flow would have likely caused a greater reduction 532 

on blood [glucose] when heating was conducted during an OGTT (34), as HR was higher than 533 

when heating was conducted before the OGTT, however, heating is also likely increase 534 

sympathetically mediated hepatic gluconeogenesis (33). 535 

536 

The OGTT-HOT condition elicited a lower DBP than the other conditions. This supports the 537 

majority of the literature that acute passive heating in both healthy (13, 77) and T2DM 538 

populations (6, 75) reduces DBP. In the HOT-OGTT condition, no change was found compared 539 

to CON condition during an OGTT. It is likely that the observed reduction in DBP caused a 540 

reduction in vascular tone leading to an increase in cardiac output (86). Additionally, peripheral 541 

vasodilation due to increased offloading of heat at the skin may decrease DBP (52, 53). 542 

However, the current study reported no change in SBP. One possible explanation for this could 543 

be a rise in circulating leptin, as it can cause a sympathetically-mediated raise in SBP but not 544 

DBP in hypertensive people (38). We report that DBP returns to pre-heating levels 60 min post-545 

heating. Therefore, the reduction in DBP is transient with a short-term benefit from an acute 546 

bout of passive heating. The accumulative effect of repeated lowering of DBP is worthy of 547 

further investigation. 548 

549 

Strengths, limitations and future research 550 

The strength of this study was the strong study design (randomized, balanced, cross-over, 551 

control trial). Several limitations do however warrant discussion. Firstly, we fell short of our 552 

a-priori sample size by one (due to SARS-CoV-2 lockdown). Secondly, Trec was not measured553 
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during the CON condition for the purpose of limiting use of the rectal thermistors with 554 

participants following participant feedback. It is reasonable to assume that since ambient 555 

conditions were thermoneutral (for clothed people), participants Trec would have been 556 

maintained. Thirdly, no measurements were made before or during heating in the HOT-OGTT 557 

condition, as a consequence, no comparisons could be made between the passive heating pre 558 

and post glucose ingestion. Fourthly, time spent above a Trec of 38.5 °C may have been too 559 

brief for there to be enough stimulus to effect blood [glucose]. Fifthly, the hydrostatic challenge 560 

during heating was not constant as body position was manipulated to attenuate heat gain and 561 

clamp Trec and therefore was slightly different between participants. Finally, we do not have 562 

cardiac output as a measure, and we extrapolate HR as an analogue to compare with other 563 

literature in the area. Future acute passive heating studies should investigate glucose disposal 564 

using labelled isotopes to provide further insight into glucose kinetics during a glucose 565 

challenge. Additionally, intracellular HSP70 and eHSP70 should be investigated at the same 566 

time to establish HSP70 kinetics from a bout of passive heating in people with T2DM. 567 

Moreover, chronic passive heating should be explored as a potential therapy for T2DM.  568 

569 

Lastly, passive heating people with T2DM at ~40 °C in water for 1 h increases cardiovascular 570 

strain and appropriate measurement is needed to monitor BP, HR and deep body temperature, 571 

and to avoid syncope. Subsequent studies should investigate safety in a larger cohort, with less 572 

rigorous supervision and invasive monitoring, to develop effective passive heating strategies 573 

which optimize acceptability and safety. 574 

575 

CONCLUSIONS  576 

This is the first study to investigate the timing of an acute passive heating bout on glucose 577 

tolerance and BP in people with T2DM. We showed that acute passive heating did not alter 578 
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AUC or peak blood [glucose] during an OGTT, irrespective of whether it was administered 579 

before or during the glucose challenge. Acute passive heating increases [eHSP70] in people 580 

with T2DM and the associated rise is blunted by glucose ingestion. When passive heating was 581 

undertaken during an OGTT, TEE was significantly increased and DBP was significantly lower 582 

throughout the glucose challenge. Furthermore, acute passive heating undertaken both before 583 

and during an OGTT resulted in a significantly elevated HR. Acute passive heating’s effect on 584 

TEE, BP and HR is likely caused by the direct effect of heat and may be at least in part, due to, 585 

increase in skeletal muscle blood flow, reduction in vascular tone and hydrostatic pressure. 586 

Participants tolerated the heat well, and taken together, our data indicate that heating acts as a 587 

low intensity exercise mimetic in this cohort. Future research should examine the effect of 588 

chronic passive heating on cardiorespiratory fitness, vascular and cardiac function in people 589 

with T2DM.  590 
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Table 1. Participant characteristics (n = 12)891 
Data are presented as mean (SD) or as a %. N.B. HbA1c: glycated hemoglobin, T2DM: type 2 diabetes mellitus, 892 
SBP: systolic blood pressure, DBP: diastolic blood pressure: and BMI body mass index. 893 

894 
Table 2. Pulmonary parameters 895 
Data are presented as mean (SD). Between condition significance (P < 0.05) is denoted with * compared to CON 896 
and with # compared to HOT-OGTT. Within condition significance (P < 0.05) is denoted with: (a) compared to 897 
0 min, (b) compared to 30 min, (c) for compared to 60 min, (d) for compared to 90 min, (e) for compared to 120 898 
min and (f) for compared to 150 min.  N.B. OGTT: oral glucose tolerance test, V̇E: minute ventilation, V̇O2: 899 
Oxygen consumption, V̇CO2: carbon dioxide production and RER: respiratory exchange ratio. 900 

901 
Figure 1. Participant flow through the trial. 902 

Figure 2.  Mean (SD) AUC [glucose] (A), mean peak [glucose] (B) and mean OGTT insulin sensitivity with 903 
individual data points. Conditions are represented as comfortable (CON, open circles ), HOT-OGTT (grey 904 
circles ) and OGTT-HOT (black circles ). 905 

906 
Figure 3. Mean blood [glucose] values across OGTT time. Conditions are represented as comfortable (CON, open 907 
circles ), HOT-OGTT (grey circles ) and OGTT-HOT (black circles ). 908 

909 
Figure 4.  Mean (SD) [eHSP70] corrected for plasma volume changes at 0, 90 and 180 min of an OGTT. 910 
Conditions are represented as comfortable (CON, open circles ), HOT-OGTT (grey circles ) and OGTT-911 
HOT (black circles ). Significant differences (P < 0.05) between conditions within the same time point are 912 
denoted with a * and bracket. Significant differences (P < 0.05) between time points v 0 min, within condition, 913 
are denoted with a #. 914 

915 
Figure 5. Mean (SD) (A) total energy expenditure (TEE), (B) total energy from carbohydrate (CHO) oxidation 916 
and (C) total energy from fat oxidation over a 3 h OGTT with individual data points. Conditions are represented 917 
as comfortable (CON, open circles ), HOT-OGTT (grey circles ) and OGTT-HOT (black circles ). 918 
Significant differences (P < 0.05) denoted with *. 919 

920 
Figure 6. Mean HR (A) and BP (B) over the duration of the OGTT. A depicts mean heart rate during the 921 
OGTT, with grand means (SD) to the right. B depicts mean systolic and diastolic blood pressure and grand 922 
means (SD) to the right. Open circles  = CON, grey circles  = HOT-OGTT, black circles  = OGTT-HOT. 923 
Significant differences (P < 0.05) between grand means denoted with *. N.B. OGTT, oral glucose tolerance test; 924 
HR, heart rate; BP, blood pressure.925 
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Characteristics   Mean or % 

Age (years)      62 (9) 

Males (%)            75

HbA1c (mmol·mol-1)    54 (11) 

T2DM duration (years)  7.4 (7.0) 

Height (m)   1.75 (0.06) 

Mass (kg)  97.1 (14.2) 

BMI (kg·m-2) 31.8 (3.6) 

Baseline SBP (mmHg)  134 (15) 

Baseline DBP (mmHg)    86 (12) 

On oral hypoglycemic agents  (n)          7

On anti-hypertensive agents (n)          7



OGTT 
(min) 

V̇E (L·min-1) V̇O2 (mL·min-1) V̇CO2 (mL·min-1) RER 

CON HOT-OGTT 
OGTT-
HOT CON HOT-OGTT OGTT-HOT CON 

HOT-
OGTT OGTT-HOT CON HOT-OGTT OGTT-HOT 

0 8.46 (1.61) 9.49 (1.65) 9.26 (1.95) 286 (45) 332 (51)* 309 (48) 251 (40) 266 (41) 268 (36) 0.88 (0.13) 0.82 (0.20) 0.88 (0.16) 
30 8.75 (1.55) 8.95 (1.17) 8.83 (1.51) 307 (43)a 334 (42) 325 (53) 268 (38)a 266 (37) 274 (42) 0.88 (0.12)# 0.80 (0.07) 0.85 (0.10) 
60 9.28 (1.92) 9.74 (1.52) 11.18 (1.44)*#ab 311 (41)a 330 (50) 394 (56)*#ab 279 (48)a 286 (50) 354 (48)*#ab 0.90 (0.12)b 0.87 (0.09)b 0.91 (0.11) 
90 8.91 (1.47) 9.69 (1.51) 13.44 (2.42)*#abc 295 (47)bc 314 (48)bc 411 (51)*#ab 269 (39)a 282 (50) 373 (48)*#ab 0.92 (0.11)ab 0.90 (0.09)bc 0.91 (0.06) 

120 9.16 (1.45) 9.54 (1.62) 10.22 (1.86)cd 296 (43) 313 (54)c 355 (60)*#cd 273 (35)a 281 (59) 294 (53)cd 0.93 (0.11)abc 0.90 (0.09)b 0.83 (0.07)* 

150 9.45 (1.46) 9.59 (1.41) 9.82 (1.17)bcd 302 (35) 314 (48)bc 334 (39)cd 279 (34)a 281 (50) 287 (41)cd 0.93 (0.13)ab 0.90 (0.08)b 0.86 (0.08) 
180 8.90 (1.26) 9.31 (1.25) 9.74 (1.28)cd 294 (44) 293 (48)abcdef 331 (49)cde 263 (44)a 268 (42) 286 (37)cd 0.90 (0.11)b 0.92 (0.10)abc 0.87 (0.10) 
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