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Abstract  25 

Purpose: Exercise delays arterial decline in middle‑aged females, yet participation declines with age.  We 26 

assessed whether 12 weeks of low‑frequency resistance training alters carotid and brachial arterial function in 27 

inactive middle‑aged women. 28 

Methods: Sixteen inactive middle-aged females (57±3 years; V̇O2peak: 25.3±5.3 ml.kg.min−1) performed once-29 

weekly resistance exercise for 12-weeks.  At pre- and post-intervention, ultrasound measured common carotid 30 

artery function via conventional (β1 stiffness index and Peterson’s elastic modulus), and two-dimensional strain 31 

(peak circumferential strain and systolic strain rate).  The common carotid artery was measured at rest, during, 32 

and after a three-minute isometric handgrip exercise, and brachial artery flow-mediated dilation was assessed at 33 

rest.  Data were analysed using a Paired Sample T-Test (intervention only at rest), and two-way repeated-measures 34 

ANOVA (intervention and handgrip response). 35 

Results: Resting peak circumferential strain (%; P=0.64) and systolic strain rate (s-1; P=0.67) did not change pre-36 

post intervention.  However, peak circumferential strain across isometric handgrip conditions increased post 37 

intervention (rest: 4.67±0.87 vs 4.87±1.42; during 3.62±1.40 vs 4.48±1.17; and after handgrip: 3.78±1.29 vs 38 

4.87±1.24; P=0.012).  Systolic strain rate across conditions also increased post intervention (rest: 0.365±0.078 vs 39 

0.394±0.101; during 0.280±0.107 vs 0.329±0.089; and after handgrip: 0.294±0.109 vs 0.371±0.095; P=0.009).  β1 40 

stiffness index (P=0.30), Peterson’s elastic modulus (P=0.08), and brachial flow-mediated dilation (P=0.88) did 41 

not change pre-post intervention when measured at rest and during conditions. 42 

Conclusion: Once-weekly resistance training improves carotid strain and strain rate in healthy middle-aged 43 

females, with effects evident under physiological stimulation.  We support claims that two-dimensional strain 44 

detects arterial function changed that conventional measures may overlook.   45 

 46 

Key Words:  Healthy ageing, exercise training, vascular function, speckle tracking, strain imaging, flow-mediated 47 

dilation. 48 

 49 

 50 

 51 
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Abbreviations 52 

2D  Two-dimensional 53 

ANOVA  Analysis of variance 54 

AU  Arbitrary units  55 

BP  Blood pressure 56 

CCA  Common carotid artery  57 

DBP  Diastolic blood pressure  58 

D-SR  Diastolic strain rate 59 

FMD  Flow mediated dilation  60 

HR  Heart rate  61 

ICA  Internal carotid artery  62 

IHG  Isometric handgrip 63 

MAP  Mean arterial pressure 64 

PA  Physical activity 65 

PAR-Q  Physical Activity Readiness Questionnaire 66 

PCS  Peak circumferential strain  67 

PP  Pulse pressure  68 

PTT  Pulse transit time  69 

S-SR  Peak strain rate  70 

SAX  Short axis  71 

SBP  Systolic blood pressure 72 

V̇O2peak   Peak oxygen consumption 73 

  74 
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1. Introduction  75 

Middle-older aged females are vulnerable to adverse cardiovascular events (Brislane et al. 2020), largely 76 

as a result of reductions in the cardioprotective sex hormone, oestrogen (Ryczkowska et al. 2022).  Lower 77 

oestrogen levels in ageing females negatively impact mitochondrial function, increase reactive oxygen species 78 

concentration, and reduce antioxidant synthesis, leading to lower endothelial nitric oxide production and thus, 79 

impaired vasodilatory function (Iorga et al. 2017; Ryczkowska et al. 2022).  Coupled with the age associated 80 

increases in arterial stiffness derived from increased arterial adventitial collagen, arterial calcification, and 81 

reductions in medial elastin (Fleenor et al. 2010; Vatner et al. 2021), middle-older aged females present adverse 82 

structural and functional arterial profiles.   83 

Physical activity (PA) and exercise are widely known to improve cardiovascular health, however, 84 

physical inactivity remains high, with one in four adults not meeting the aerobic PA guidelines (World Health 85 

Organisation 2018).  PA levels decline with age and are lower in females compared to males across the lifespan 86 

(World Health Organisation 2019).  Although guidelines recommend both, aerobic and resistance exercise, 76% 87 

of females do not meet resistance exercise guidelines (Skelton et al. 2018; Public Health England 2020).  88 

Resistance exercise is particularly important in middle-older aged females due to its protective effects against 89 

menopause-related conditions, including sarcopenia and osteoporosis (Leite et al. 2010; Law et al. 2016), and its 90 

association with lower cardiovascular risk factors (Paluch et al. 2024).  As time availability is a common barrier 91 

to PA participation in females (Herazo-Beltrán et al. 2017), time-efficient approaches may help increase 92 

engagement in resistance exercise. 93 

Exercise training improves vascular function in ageing adults, particularly following aerobic 94 

interventions across systemic (Ho et al. 2024), aortic (Kim et al. 2017), carotid (Fujie et al. 2014), and brachial 95 

arteries (BA) (Early et al. 2017; Silva et al. 2024).  In contrast, the effects of resistance exercise training are less 96 

consistent, with studies reporting improvements in aortic, femoral, and systemic arteries (Anton et al. 2006; Jaime 97 

et al. 2019; Kim et al. 2023), while others report no change in aortic, carotid, and systemic arteries (Maeda et al. 98 

2006; Casey et al. 2007; Cortez-Cooper et al. 2008; Da Silva et al. 2024).  These discrepancies may reflect 99 

differences in study populations, as most research included male or mixed-sex cohorts (Maeda et al. 2006; Anton 100 

et al. 2006; Cortez-Cooper et al. 2008; Da Silva et al. 2024), with fewer focusing exclusively on females.  Given 101 

established sex differences in endothelial function (Benjamin et al. 2004; Skaug et al. 2013), intima-media 102 

thickness (IMT) (Myasoedova et al. 2024), and aortic, carotid, and systemic, stiffness (DuPont et al. 2019; Wang 103 
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et al. 2021), it remains unclear whether resistance exercise training can improve both, central (carotid) and 104 

peripheral (brachial) vascular function in ageing, but otherwise healthy females (Shing et al. 2024).   105 

Previous interventions have typically involved higher training frequencies (e.g., two to three sessions per 106 

week).  However, low-frequency, high-intensity endurance exercise has been shown to improve endothelial 107 

function (Grace et al. 2015), and similar benefits have been observed following  high-intensity resistance exercise 108 

(70% of one repetition maximum (1RM)), including exercise to failure (Anton et al. 2006; Zhang et al. 2021).  109 

The effects of low-frequency resistance training (e.g., once-weekly) on arterial stiffness remain unclear.  Given 110 

time constraints are a key barrier to PA participation (Herazo-Beltrán et al. 2017), low-frequency, high-intensity 111 

resistance training warrants investigation in this population.  112 

Previous research has primarily assessed carotid and systemic arterial stiffness using β1 stiffness index, 113 

pulse wave velocity, and augmentation index (Maeda et al. 2006; Casey et al. 2007; Cortez-Cooper et al. 2008; 114 

Morioka et al. 2021).  However, these conventional approaches are typically limited to one-dimensional 115 

assessments (e.g., systolic and diastolic diameters), providing limited insight into arterial deformation and 116 

exhibiting relatively high measurement variability (Bjallmark et al. 2010).  In contrast, two-dimensional (2D) 117 

strain approaches, such as ultrasound speckle tracking, may offer a more comprehensive assessment by 118 

quantifying the deformation and its rate of change throughout the cardiac cycle (Bjallmark et al. 2010), thus 119 

demonstrating greater sensitivity (Bjallmark et al. 2010; Campbell et al. 2023; Hornby-Foster et al. 2024) and 120 

lower intra-and inter-variability (Bjallmark et al. 2010) than conventional methods.  As such, 2D strain imaging 121 

may detect more subtle changes in arterial strain than conventional approaches alone (Bjallmark et al. 2010; Pugh 122 

et al. 2018; Campbell et al. 2023; Hornby-Foster et al. 2024).   123 

Existing research using 2D strain imaging has largely been limited to cross-sectional designs examining 124 

differences in carotid artery strain and strain rate with age or fitness (Bjallmark et al. 2010; Pugh et al. 2018; 125 

Talbot et al. 2020; Campbell et al. 2023; Hornby-Foster et al. 2024).  As such, the longitudinal effects of exercise 126 

training, and its potential causal impact remain unclear.  Given its greater sensitivity, 2D strain imaging may detect 127 

training-induced adaptations not identified by conventional methods (Cortez-Cooper et al. 2008).  While most 128 

studies have assessed arterial strain at rest, peak circumferential strain (PCS) and systolic strain rate (S-SR) also 129 

change during and following acute exercise (Black et al. 2016; Pugh et al. 2018) with responses varying by fitness 130 

level (Pugh et al. 2018).  Therefore, assessing arterial strain during and after acute exercise may provide additional 131 

insight into vascular adaptations beyond resting measures alone.   132 
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Therefore, this study aimed to assess the effects of 12-weeks of low-frequency resistance exercise on 133 

carotid strain using both 2D strain and conventional approaches, as well as BA artery flow-mediated dilation, in 134 

previously sedentary healthy middle-aged females.  It was hypothesised that carotid and brachial artery function 135 

would improve following the intervention.   136 

 137 

2. Methods 138 

2.1 Ethical Approval and Participants 139 

Ethical approval was granted by the ethics committee at University of Wales, Trinity St. David.  Twenty-140 

three healthy middle-aged females who did not participate in regular structured exercise were initially recruited 141 

through social media, newspaper advertisements, posters, and word-of-mouth.  Inclusion criteria consisted of 142 

females aged between 50 to 65 years, who received prior medical clearance from their General Practitioner to 143 

exercise.  Exclusion criteria included the presence of conditions which could interfere with the capacity to 144 

exercise, including myocardial infarction, unstable type 2 diabetes mellitus, unstable angina, uncontrolled 145 

hypertension, or recent musculoskeletal injury.  Participants were also excluded from the study if they used 146 

hormone replacement therapy or were current smokers.   147 

Prior to data collection, participants completed a Physical Activity Readiness Questionnaire (PAR-Q) 148 

and a medical questionnaire.  One participant reported hypothyroidism and migraines, and all remaining 149 

participants reported no medical conditions.  The inclusion of one participant using blood pressure medication 150 

was permitted as they maintained their usual medication and dosage throughout the study, thus any changes in 151 

measured variables were relative to pre-intervention visit data of each participant.   152 

Written informed consent was obtained from all participants.  After the intervention, six participants did 153 

not attend the post-intervention laboratory visit due to personal reasons and were excluded from the analysis.  One 154 

included participant was excluded because of poor image quality of ultrasound scans.  Sixteen participants were 155 

included in the final analysis (Fig 1).   156 

 157 
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  158 
  159 

Fig 1.  Schematic of pre and post intervention participant numbers, and reasons for exclusion.   160 

 161 

2.2 Protocol  162 

Participants reported to the laboratory before (pre) and after (post) the 12-week resistance exercise 163 

intervention.  All participants arrived at the laboratory following a three-hour fast and having not consumed 164 

alcohol or caffeine for 24-hours.  All participants were also asked to refrain from strenuous PA 24-hours prior to 165 

each intervention visit.  During each intervention visit, participant’s stature (cm), and body mass (kg) and body 166 

fat percentage were measured using a stadiometer (Harpenden, HAR-98.602) and Tanita Body Composition 167 

Scales (MC-980MA Plus), respectively.   168 

 169 

2.3 Measures 170 

2.3.1 Brachial Artery  171 

Following anthropometric assessment, a BA ultrasound scan and flow-mediated dilation (FMD) 172 

assessment was performed using B-mode ultrasound imaging (Terason uSmart 330, Teratech, Burlington, MA and 173 
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15L4 Smart Mark transducer).  After 10 min of supine rest, a large diameter pneumatic cuff (Hokanson rapid cuff 174 

inflator, DE Hokanson Inc., Bellevue, Washington, USA) was secured distal to the antecubital fossa on the right 175 

arm, and the arm was abducted to approximately 90 degrees.  The transducer was positioned longitudinally above 176 

the antecubital fossa on the upper arm to locate a straight and parallel segment of the BA.  BA diameter and blood 177 

velocity were subsequently measured for 1 min before and 5 min after release of a 5 min supra-systolic (220 178 

mmHg) cuff, using an automatic edge-detection system (Brachial Analyzer, Medical Imaging Applications LLC, 179 

Coralville, IA).  Following diameter and blood velocity measurements, data were exported to an Excel 180 

spreadsheet, and the data was subsequently added to custom software.  The software calculated shear stress to 181 

peak diameter area under the curve (AUC), and arterial diameters which were averaged over 3 second periods 182 

(Campbell et al. 2023).  The spreadsheet was used to calculate relative (%) and shear normalised FMD values 183 

using the following equations: 184 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐹𝑀𝐷 (%) =
𝑃𝑒𝑎𝑘 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟−𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
 * 100 185 

 186 

𝑆ℎ𝑒𝑎𝑟 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑠𝑒𝑑 𝐹𝑀𝐷 (%) =
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐹𝑀𝐷

𝑆ℎ𝑒𝑎𝑟 𝐴𝑈𝐶
  187 

 188 

2.3.2 Carotid Artery Intima-Media Thickness 189 

All carotid artery imaging was performed using a high-resolution B-mode ultrasound (Vivid IQ) and a 190 

12 MHz linear array transducer (GE Medical, Chicago, IL, USA) immediately following FMD assessment.  191 

Longitudinal images of the right common carotid artery (CCA) were measured approximately 1–2 cm inferior to 192 

the bifurcation, and images of a straight segment of the posterior CCA wall (at least 1cm) were captured across 193 

two cardiac cycles.  The automatic IMT post-processing function of EchoPAC (GE Healthcare; version 202) was 194 

used to measure IMT during diastole of two cardiac cycles, and was averaged per participant (Selzer et al. 2001).   195 

 196 

 197 

 198 
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2.3.3. Carotid Artery 2D Strain Imaging 199 

Short-axis images of the right CCA, approximately 1cm below the bifurcation were imaged at a frame 200 

rate of 106.9 frames per second, and over at least three cardiac cycles.  Short-axis images were collected before, 201 

during, and within 20s after a three minute isometric handgrip (IHG) performed with the right hand at 40% of 202 

maximum voluntary contraction to elicit physiological stress (Seals 1993; Weiner et al. 2012; Black et al. 2016).  203 

The transducer remined in the same position throughout the 3 min contraction to allow for the same segment of 204 

the CCA to be imaged during each timepoint.  Continuous beat-to-beat blood pressure (BP) and heart rate (HR) 205 

was measured using a Finapres monitoring device (Finapres Medical Systems, The Netherlands; Model 1), and a 206 

3-lead ECG compatible with the Vivid IQ, respectively.   207 

All CCA images were analysed offline (EchoPAC, GE Healthcare; version 202) using the ‘SAX-AP 2D’ 208 

strain option.  To assess PCS (peak arterial deformation), systolic strain rate (S-SR), and diastolic strain rate (D-209 

SR; rate of deformation), the ROI mid-segment was aligned with the full circumference of the carotid throughout 210 

a cardiac cycle and aligned posterior to visible IMT.  The image subsequently analysed each of the 6 211 

circumferential segments and produced a ‘global’ averaged value when at least four or more segment of the wall 212 

were successfully tracked.  Global values from at least two cardiac cycles were averaged per participant (Campbell 213 

et al. 2023).  The analysed EchoPAC files were then imported into a custom-built software which extracted the 214 

required vascular values using a 1000 point cubic spline within both systole and diastole.  The software 215 

subsequently measured PCS, S-SR, and D-SR which were corrected for physiologically relevant timings for 216 

carotid mechanics (Sculthorpe et al. 2020).  Pulse transit time (PTT) was also estimated from the software as the 217 

time between the QRS complex from the ECG, and the onset of CCA expansion measured via ultrasound 218 

(Sculthorpe et al. 2020).  PCS of the CCA was also corrected for pulse pressure (PP) using the following equation 219 

as reported in Yuda et al. (2011): 220 

 221 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑃𝐶𝑆 = 𝑃𝐶𝑆/𝑃𝑃 222 

 223 

 224 

 225 
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2.3.4 Carotid Stiffness Assessment 226 

β1 stiffness index and Peterson’s elastic modulus were measured using systolic and diastolic short-axis 227 

CCA diameters (Vivid IQ, GE Medical, London) and simultaneously recorded BP (Finapres Medical Systems, 228 

The Netherlands; Model 1) at rest, during, and within 20 seconds following the IHG exercise.  Images were 229 

analysed offline using EchoPAC (GE Healthcare; version 202), using the calliper function to measure the systolic 230 

and diastolic diameters from the intima-lumen interface.  Diameters from at least two cardiac cycles were averaged 231 

per participant (Campbell et al. 2023).  Stiffness measures Petersons Elastic Modulus (Ep), β1 stiffness index, and 232 

β2 stiffness index were calculated using the following equations (Bjallmark et al. 2010; Pugh et al. 2018):  233 

 234 

 β1 Stiffness Index (AU) =   
𝐼𝑛 (𝑆𝐵𝑃/𝐷𝐵𝑃)

(𝐷𝑖𝑎𝑚𝑆𝑌𝑆−𝐷𝑖𝑎𝑚𝐷𝐼𝐴𝑆)/𝐷𝑖𝑎𝑚𝐷𝐼𝐴𝑆
    235 

 236 

 Peterson’s Elastic Modulus (Ep) (kPa) =   
(𝑆𝐵𝑃−𝐷𝐵𝑃)

(𝐷𝑖𝑎𝑚𝑆𝑌𝑆−𝐷𝑖𝑎𝑚𝐷𝐼𝐴𝑆)/𝐷𝑖𝑎𝑚𝐷𝐼𝐴𝑆
   237 

 238 

β 2 Stiffness Index (AU) =   
𝑙𝑛(𝑆𝐵𝑃/𝐷𝐵𝑃)

𝑃𝐶𝑆
  239 

 240 

Where, ln = natural logarithm, SBP = systolic blood pressure, DBP = diastolic blood pressure, DiamSYS = 241 

maximum diameter of the artery during systole, DiamDIAS = minimum diameter of the artery during diastole, 242 

PCS = peak circumferential strain (fractional percentage). 243 

 244 

2.4 Peak Aerobic Capacity 245 

Following arterial assessments, participants completed a peak aerobic capacity assessment (V̇O2peak) on 246 

a treadmill using the modified Bruce Protocol to volitional exhaustion (Bruce et al. 1973), which has been 247 

described previously in Campbell et al. (2023). 248 
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 249 

2.5 Resistance Exercise Training Intervention  250 

The intervention consisted of once-weekly high-intensity resistance exercise sessions over 12-weeks.  A 251 

low-frequency resistance exercise intervention was chosen for the current study to overcome the time availability 252 

PA barrier (Herazo-Beltrán et al. 2017), and as middle-aged and older adults are reported to require longer periods 253 

of recovery following resistance-based exercise (Hvid et al. 2014).  It has also been previously reported that older 254 

adults who perform one session of high intensity resistance exercise per week achieve the same improvements in 255 

strength as training twice per week (DiFrancisco-Donoghue et al. 2006).  Training sessions were conducted at the 256 

University of Wales, Trinity St. David campus gym and were supervised by a qualified gym instructor.   257 

Prior to the 12-week intervention, participants were assessed for their one repetition maximum effort on 258 

the Technogym double-leg press and chest press machines (Technogym UK Ltd).  A seated row one repetition 259 

maximum was also performed using the Life Fitness Dual Cable machine (G7 model; Life Fitness UK Ltd) and a 260 

straight double handed bar.  For this test, participants were seated on a chair facing the machine and instructed to 261 

keep their back in contact with the chair.  The cables were positioned at shoulder height and pulled back until 262 

shoulder angle reached 180 degrees.  Two sets of 10 repetitions of each of the three exercises was then completed 263 

at 50% of maximal effort with a two minute recovery period between to familiarise the participants with the 264 

exercise protocol. 265 

The first exercise session consisted of a six minute self-paced warm-up on a Technogym cross trainer 266 

(Technogym UK Ltd), followed by three sets of 10 repetitions at 65% maximum effort for each of the following 267 

three exercises: chest press, seated leg press, and seated row.  Each set was separated by two-minute recovery, and 268 

this was followed by a six minute self-selected cool-down using any available cardiovascular equipment.  Sessions 269 

two to 12 followed an identical structure in terms of warm-up exercises, rest periods, and cool down.  Training 270 

intensity was progressed to approximately 85% of maximum effort, and participants performed each exercise to 271 

volitional fatigue within 2 min (typically six to 10 repetitions each; Baechle, Earle, and Wathen (2000)), with sets 272 

terminating when further repetitions could not be completed.  Progressive overload was standardised and 273 

implemented by increasing the load only when participants were able to complete the prescribed number of 274 

repetitions for all sets with correct technique.  Each session lasted approximately 30 min. 275 

 276 
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2.6 Statistical Analysis 277 

Data were tested for normality and equal variances using a Shapiro-Wilk and Levene’s test, respectively.  278 

A Student’s or Wilcoxon Rank paired t-test (two-tailed) was used to assess differences in anthropometrics, 279 

V̇O2peak, measures of strength, and resting vascular measures between pre- and post-intervention.  CCA PCS S-280 

SR, and D-SR, β1 and β2 stiffness index, Peterson’s elastic modulus, and haemodynamic variables were analysed 281 

using a two-way repeated-measures analysis of variance (ANOVA) to assess a main effect of intervention (pre-282 

post 12-weeks), time (pre, during, and after the 3-min IHG exercise), and their interaction.  When the P < 0.05 283 

threshold level was met for intervention, time, and/or interaction effects, Bonferroni post hoc test was used to 284 

determine pairwise comparisons.  Effect sizes for the main resting vascular outcome variables were calculated as 285 

Cohen’s D (d) where values of 0.2, 0.5, and 0.8 represented a small, medium, and large effect, respectively (Cohen 286 

1988).  Additionally, the effect sizes of the main vascular variables measured pre, during, and after the IHG 287 

exercise were calculated as partial Eta squared (ηp²) where values of 0.01, 0.06, and 0.14 represented a small, 288 

medium and large effect, respectively.  All data are displayed as means (standard deviations; SD), and an alpha 289 

level of P < 0.05 was used to determine statistical significance.  Jamovi statistical software (The jamovi project, 290 

version 0.9) was used to perform all statistical analysis.  291 

 292 

3. Results 293 

Fifty percent of participants completed all 12-weeks of resistance exercise training, with a mean of 11 294 

sessions completed across the cohort.  One participant did not complete the three minute IHG exercise and, 295 

therefore, was not included in the carotid PCS, S-SR, or stiffness analysis.  BP data for one participant could not 296 

be retrieved post-intervention, and therefore, is not included in the haemodynamic and vascular stiffness analysis.  297 

One participant did not consent to the FMD protocol, and a second participant was removed from the FMD 298 

analysis as a result of poor image quality preventing accurate diameter detection.  A sensitivity analysis was 299 

conducted excluding one participant who reported BP medication use.  As this exclusion did not alter the results 300 

of any variable, the participant was included in all data presented below.    301 

 302 
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3.1 Participant Characteristics 303 

Participant characteristics are presented in Table 1.  Anthropometric and haemodynamic variables did 304 

not change following the intervention (P > 0.05).  Improvements in V̇O2peak (P = 0.003), and maximal leg press, 305 

seated pull and chest press (all P <.001) were observed after the intervention (Table 1).   306 

 307 

Table 1.  Participant Characteristics and Resting Vascular Variables. 308 

Participant Characteristics Pre-Intervention 

(n = 16) 

 

Post- Intervention 

(n = 16)  

P-value  

Age (years) 57 (3) - - 

V̇O2peak (ml.kg.min-1) 25.3 (5.3) 26.8 (5.0)  0.03 

Age Predicted V̇O2peak (%)  74.8 (14.4) 79.4 (13.8)  0.03 

Height (m)  1.64 (0.05) - - 

Mass (kg)  72.2 (10.6) 72.1 (10.1) 0.76 

BMI (kg.m-1)  26.8 (3.8) 26.8 (3.7) 0.80 

Body fat (%)  36.5 (5.9) 35.6 (6.1) 0.32 

Strength Measures    

Leg Press (kg) 88.8 (24.0) 156.9 (39.3)  <.001 

Seated Pull (kg) 55.9 (12.5) 90.9 (10.5)  <.001 

Chest Press (kg) 23.4 (4.6) 36.3 (5.7)  <.001 

Haemodynamics (n = 15)    

SBP (mmHg) 144 (19) 140 (14) 0.32 

DBP (mmHg) 74 (13) 75 (8) 0.78 

MAP (mmHg) 96 (14) 100 (10) 0.25 

PP (mmHg) 69 (14) 66 (9) 0.19 

Common Carotid Artery (n = 15)    

Peak Circumferential Strain (%) 4.67 (0.87) 4.88 (1.42) 0.64 

Corrected Peak Circumferential Strain (%/mmHg) 0.07 (0.02) 0.08 (0.03) 0.52 
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Systolic Strain Rate (1-s) 0.37 (0.08) 0.39 (0.10) 0.67 

Diastolic Strain Rate (1-s) -0.15 (0.04) -0.15 (0.03) 0.72 

β2 Stiffness Index 14.90 (4.01) 14.10 (4.65) 0.64 

Posterior intima-media thickness (mm)   0.63 (0.10) 0.64 (0.10) 0.33 

 

Brachial Artery (n = 14)    

Baseline diameter (cm) 0.35 (0.05) 0.35 (0.05) 0.93 

FMD (%) 6.3 (3.6) 6.6 (2.6) 0.82 

Shear Normalised FMD x10-5 (%) 5.2 (11.2) 8.2 (8.1) 0.43 

FMD Time to peak (s)   140.0 (75.1) 88.6 (72.4)  0.02 

Data are presented as means (standard deviations).  P-values at the < 0.05 level are displayed in bold.  V̇O2peak, 309 

peak aerobic capacity; BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood 310 

pressure; MAP, mean arterial pressure; PP, pulse pressure; Ep, Peterson’s Elastic Modulus; FMD, flow-mediated 311 

dilation. 312 

 313 

3.2 Resistance Training Intervention 314 

Means and SDs of resting CCA and BA measures are displayed in Table 1.  Endothelial function, assessed 315 

via FMD, was unchanged following the intervention (P > 0.05).  However, time to peak brachial artery diameter 316 

decreased by 51.4 s after the intervention (P = 0.02; d = 0.70).  No differences in CCA diameter, IMT, or resting 317 

PCS, corrected PCS, S-SR, D-SR, or β2 stiffness index were observed after the resistance exercise intervention (P 318 

> 0.05; Table 1).   319 

However, in contrast to resting pre to post intervention comparisons (Table 1), the ANOVA revealed pre- 320 

to post-intervention changes across the IHG protocol (pre-, during, and post-IHG), with PCS (P = 0.012; ηp² = 321 

0.37), corrected PCS (P = 0.009; ηp² = 0.42), and S-SR (P = 0.009; ηp² = 0.40) significantly increasing following 322 

the 12-week intervention (Table 2 and Figure 2).  We also observed significant decreases in PTT (P = 0.03; ηp² = 323 

0.33), PP (P = 0.018; ηp² = 0.36), and β2 stiffness index (P = 0.011; ηp² = 0.40) following the intervention, similarly, 324 

when measured across the IHG protocol.  In contrast, D-SR, β1 stiffness index, Peterson’s Elastic Modulus, HR, 325 

systolic BP (SBP), diastolic BP (DBP), mean arterial pressure (MAP), and CCA diameter were all unchanged 326 

following the intervention (all P > 0.05; Table 2). 327 
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 328 

3.3 Carotid Responses to Acute Isometric Exercise 329 

Indicated by a main effect of time, the acute IHG exercise influenced some, but not all CCA variables.  330 

PCS (P < 0.001; ηp² = 0.44), corrected PCS (P < 0.001; ηp² = 0.61) and S-SR (P < 0.001; ηp² = 0.416) decreased 331 

during (P = 0.003, P<0.001, and P = 0.005, respectively) and after the IHG exercise in comparison to resting 332 

values (P = 0.019, P =0.003, and P = 0.041, respectively; Table 2).  Systolic (P = 0.02; ηp² = 0.257) and diastolic 333 

(P = 0.007; ηp² = 0.299) CCA diameters were also affected, whereby systolic diameter increased after the IHG 334 

compared to rest (P = 0.04), and diastolic diameter increased during the IHG exercise compared to rest (P = 0.04).  335 

In comparison, β1 stiffness, Peterson’s elastic modulus, and D-SR were unaffected by the IHG exercise (all P > 336 

0.05; Table 2). 337 

Also indicated by a main effect of time (all P < 0.001; Table 2), the IHG exercise influenced several 338 

haemodynamic variables, including HR (ηp² = 0.41), SBP (ηp² = 0.58) and DBP (ηp² = 0.50), MAP (ηp² = 0.52), 339 

and PP (ηp² = 0.57).  Post-hoc analysis revealed HR (P = 0.004), SBP (P = 0.001), DBP (P = 0.004), MAP (P = 340 

0.002), and PP (P = 0.002) increased during the IHG exercise when compared to rest.  Only SBP (P = 0.002), HR 341 

(P = 0.005), and PP (P < 0.001) remained significantly higher after the IHG compared to rest, as also determined 342 

by post-hoc analysis.  SBP (P = 0.04), DBP (P = 0.008), and MAP (P = 0.01) significantly decreased after the IHG 343 

exercise compared to during, whereas HR and PP remained elevated after the IHG (P > 0.05), again determined 344 

by post-hoc analysis.   345 

Lastly, an intervention * time interaction for HR was observed (P < 0.001; ηp² = 0.49; Table 2), whereby 346 

post-hoc analysis revealed that HR was significantly higher during and after the IHG exercise compared to resting 347 

values pre-intervention (P = 0.001 and 0.005, respectively).  Post-intervention HR at rest and after the IHG 348 

exercise were significantly lower than pre-intervention HR during the IHG exercise (post-hoc P = 0.008 and 0.004, 349 

respectively).  An intervention * time interaction for MAP was also observed (P = 0.01; ηp² = 0.28), where post-350 

hoc analysis presented significant increases during the IHG compared to rest (P = 0.002).   351 

  352 
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 353 

 354 

Fig 2. Peak circumferential strain (%; A) and peak strain rate (s-1; B) pre and post the 12-week resistance exercise 355 

intervention measured at rest, during, and immediately after the three minute handgrip exercise (n=15).  Data are 356 

presented as individual data points with means ± standard deviations.  Main effects for intervention and time and 357 

intervention are indicated with exact P-values.  358 
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 359 

Table 2.  Haemodynamic and Common Carotid Artery Variables 360 

 Pre-Intervention Post-Intervention  Main Effect P-Values 

Variable Rest Handgrip After Handgrip Rest Handgrip After Handgrip  Time  Inter-

vention 

Interaction 

(Time * 

Inter-

vention) 

Haemodynamics (n = 15)          

HR (b.min-1) 64 (8) 69 (8) * 68 (8) * 63 (8) † 66 (11)  63 (7) † <0.001 0.09 <0.001 

SBP (mmHg) 144 (19) 165 (26) 159 (26) 140 (14) 158 (21) 148 (18) <0.001 0.12 0.19 

DBP (mmHg) 74 (13) 84 (17) 80 (17) 75 (8) 83 (11) 76 (11) <0.001 0.80 0.22 

MAP (mmHg) 96 (14) 111 (19) * 106 (19)  100 (10) 108 (14)  100 (13) <0.001 0.71 0.02 

PP (mmHg) 69 (14) 81 (16)  79 (15)  66 (9) 75 (13) 72 (11) <0.001 0.018 0.14 

Common Carotid Artery (n = 15)        

Corrected Peak Circumferential 

Strain (%/mmHg) 

0.07 (0.02) 0.05 (0.02) 0.05 (0.02) 0.08 (0.03) 0.06 (0.02) 0.07 (0.02) <0.001 0.009 0.09 

β2 Stiffness Index (AU) 14.9 (3.87) 23.7 (16.2) 21.0 (10.3) 14.1 (4.65) 16.1 (7.13) 15.1 (6.43) 0.06 0.011 0.13 

          

Diastolic Strain Rate (s-1) -0.149 (0.041) -0.125 (0.039) -0.136 (0.045) -0.151 (0.035) -0.147 (0.029) -0.147 (0.037) 0.12 0.19 0.35 
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 361 

Data are presented as means (standard deviations) at rest, during, and after the three minute isometric hand-grip exercise.  P-values for the main effects of time point 362 

(rest, during the three minute IHG and after the IHG), intervention, and a time * intervention interaction are reported, and P-values < 0.05 are displayed in bold.  The following 363 

symbols identify where time * intervention interaction occurred (P<0.05) with (intervention and time): * = Pre- intervention at rest; and † = Pre-intervention during IHG 364 

exercise.  HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; PP, pulse pressure; SAX, short axis.365 

Pulse Transit Time (ms) 49.9 (10.4)  56.2 (18.1)  47.3 (11.6) 43.2 (6.4) 43.1 (11.0) 41.7 (8.9) 0.24 0.03 0.21 

Systolic Diameter (cm)  0.61 (0.06) 0.61 (0.06) 0.61 (0.06) 0.60 (0.05) 0.61 (0.06) 0.61 (0.06) 0.02 0.86 0.42 

Diastolic Diameter (cm) 0.56 (0.05) 0.57 (0.06) 0.56 (0.05) 0.56 (0.05) 0.57 (0.05) 0.56 (0.06) 0.007 0.97 0.75 

Conventional Stiffness Indices 

(n = 14) 

         

β1 stiffness index (AU) 8.02 (3.01) 9.00 (2.67) 8.99 (3.39) 8.40 (2.46) 9.22 (3.96) 7.90 (2.22) 0.16 0.64 0.43 

Peterson’s elastic modulus (kPa)  112 (40.6) 139 (41) 142 (64.8) 117 (38.2) 145 (73.9) 113 (34.1) 0.08 0.08 0.27 
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4. Discussion  366 

To our knowledge, this is the first study to assess vascular responses to exercise training using 2D strain 367 

imaging.  This study examined the effects of 12-weeks of once-weekly resistance training on central (CCA) and 368 

peripheral (BA) vascular function in previously inactive healthy middle-aged females.  Resistance training 369 

improved 2D strain-derived carotid function, where CCA PCS and S-SR increased collectively across rest, during, 370 

and post IHG exercise post-intervention.  However, no changes were observed when CCA PCS and S-SR were 371 

measured exclusively at rest, or when CCA stiffness was assessed using conventional approaches.  BA FMD did 372 

not change following the intervention, although time to peak dilation decreased post-intervention.  These findings 373 

suggest that low-frequency resistance training enhances selected CCA functional measures, highlighting that 374 

minimal weekly training may elicit vascular adaptations not detected by conventional assessments.  375 

 376 

4.1 Carotid Vascular Function 377 

Using 2D strain analyses, this study demonstrated for the first time that CCA PCS increased following 378 

low-frequency resistance training.  Notably, these changes were only evident when assessed across rest, during, 379 

and post IHG exercise, and not at rest alone.  This aligns with our previous work where we observed higher PCS 380 

and S-SR in physically active versus inactive middle-aged females when assessed alongside physiological stress 381 

(Campbell et al. 2023).  In contrast, studies in younger and habitually trained males report higher PCS and S-SR 382 

when measured at rest (Pugh et al. 2018; Talbot et al. 2020; Hornby-Foster et al. 2025).  These data may suggest 383 

that longer training durations may be required to elicit adaptations at rest, however, substantiation with either 384 

longer duration training studies or a cross-sectional investigation in longer term habitually resistance trained 385 

middle-aged females is warranted.  Nevertheless, the potential advantages of resistance training became apparent 386 

only when measured alongside a period of physiological stress; a finding that has not previously been reported 387 

elsewhere in middle-aged females.   388 

The improvements in PCS may reflect a more desirable phenotype as evidenced by higher PCS in 389 

younger (Bjallmark et al. 2010; Talbot et al. 2020), healthier (Park et al. 2012), and fitter individuals (Pugh et al. 390 

2018; Talbot et al. 2020; Campbell et al. 2023; Hornby-Foster et al. 2024).  Improvements in arterial wall 391 

properties, such as increased elastin content, may contribute to favourable arterial wall properties (Bjallmark et 392 

al. 2010), and have been observed following 14-weeks of resistance exercise training in ovariectomised animal 393 

models (Lima et al. 2012).  While the underlying mechanisms responsible for improved PCS and S-SR require 394 
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further investigation, the present findings suggest that low-frequency resistance exercise enhances CCA function 395 

in middle-aged females. 396 

Despite these improvements in strain-derived indices, conventional measures of arterial stiffness were 397 

unchanged, and is consistent with previous resistance training studies in similar populations  (Miyachi, et al. 2003; 398 

Cortez-Cooper et al. 2008; Rossow et al. 2014).  The discrepancy likely reflects methodological differences, as 399 

speckle-tracking assesses circumferential arterial deformation throughout the cardiac cycle, whereas conventional 400 

approaches rely on one-dimensional diameter changes (Bjallmark et al. 2010).  Accordingly, 2D strain imaging 401 

has the capacity to assess CCA mechanics with greater sensitivity than conventional measures (Bjallmark et al. 402 

2010; Pugh et al. 2018; Campbell et al. 2023).   403 

PCS and S-SR decreased during the IHG exercise both pre- and post-intervention, which is consistent 404 

with previous findings during resistance exercise (Black et al. 2016).  This response may reflect CCA collagen 405 

fibre recruitment (Wagenseil and Mecham 2009), to prevent damage via excessive arterial expansion from 406 

significantly increased haemodynamic pressures experienced during resistance-based exercises (Black et al. 407 

2016).  However, in contrast to younger cohorts (Black et al. 2016; Pugh et al. 2018), PCS and S-SR remained 408 

lower than resting values after the IHG exercise in the current study, suggesting a slower post-exercise recovery 409 

in middle-aged females.  Nevertheless, our results suggest, for the first time, that 12-weeks of low-frequency 410 

resistance training could help to protect distal vasculature from exercise-induced haemodynamic stress in middle-411 

aged females, indicated by overall increases in 2D-strain derived PCS, which may represent improved Windkessel 412 

buffering (Safar and Struijker-Boudier 2010). 413 

Although most haemodynamic measures were unchanged, HR was significantly reduced at rest and 414 

following the IHG exercise post-intervention.  These reductions may reflect improved cardiovascular regulation 415 

via enhanced baroreflex sensitivity following resistance training (Lin et al. 2022).  While this mechanism cannot 416 

be confirmed, post-intervention increases in PCS may have reduced intra-vascular pressure, contributed to 417 

reductions in PP,  and consequently lower cardiac afterload (Vriz et al. 2017).  However, further investigation is 418 

required to determine the specific contributors to these responses. 419 

 420 
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4.2 Brachial Vascular Function 421 

BA endothelial function, assessed via FMD, was unchanged following 12-weeks of resistance.  While 422 

meta-analyses report improvements in FMD after resistance exercise (Silva et al. 2021), these findings are largely 423 

derived from younger cohorts, and results in middle-older aged adults remain inconsistent (Casey et al. 2007; 424 

Hildreth et al. 2018; O’Brien et al. 2020).  The absence of improvement in the present study may reflect relatively 425 

preserved endothelial function at baseline (e.g., 50th percentile of population-based FMD norms (Holder et al. 426 

2021)), whereas greater FMD adaptations are typically observed in populations with impaired vascular health 427 

(Incalza et al. 2018).   428 

Reductions in oestrogen associated with ageing may have limited the hypothesised improvements in 429 

FMD.  Previous work has shown that endurance training improved FMD in middle-aged females only when 430 

combined with oestrogen treatment (Moreau et al. 2013), likely due to oestrogen-mediated increases nitric oxide 431 

bioavailability and lowered oxidative stress (Moreau et al. 2013).  In contrast, arterial structural adaptations to 432 

resistance training (e.g., elastic lamellae) have been observed in oestrogen-deficient animal models (Lima et al. 433 

2012).  This may explain why improvements were observed in carotid strain, but not brachial FMD in the present 434 

study of middle-aged females who were not using hormone therapy. 435 

Training frequency may have also influenced the FMD response.  Improvements in BA FMD have been 436 

linked with repeated, transient increases exercise-induced shear stress following resistance training performed 437 

three to four times per week for eight weeks (Tinken et al. 2010).  The low-frequency (e.g., once-weekly) approach 438 

employed in the present study may therefore provide an insufficient stimulus to elicit similar adaptations to Tinken 439 

et al. (2010).  Notably, time to peak FMD decreased post-intervention, suggesting an altered endothelial 440 

responsiveness, as also observed in younger and healthier cohorts (Black et al. 2008; Fernandes et al. 2014).  441 

However, these findings should be interpreted with caution as the time to peak FMD is a heterogeneous outcome 442 

(Liuni et al. 2010), and any potential improvements in endothelial environment did not translate into improved 443 

endothelial function when measured via FMD.   444 

Lastly, the discrepancy between BA and CCA outcomes could be the result of differences in measurement 445 

sensitivity between techniques.  For instance, FMD is influenced by several methodological factors as outlined 446 

by Thijssen et al. (2019), where not all of which were controlled for in the present study and are discussed further 447 

in the limitations.  Nonetheless, under the same experimental conditions, improvements were detected in the CCA 448 
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using 2D-strain imaging.  This would align with other reports that 2D-strain imaging is a sensitive measure for 449 

detecting changes in arterial responses (Bjallmark et al. 2010; Campbell et al. 2023; Hornby-Foster et al. 2024). 450 

 451 

4.3 Limitations  452 

 This study has several limitations.  The absence of a non-exercising control group, and randomised design 453 

reduces the certainty that observed improvements in carotid strain occurred from resistance exercise training 454 

alone.  Additionally, the lack of familiarisation for performance measures may have introduced learning effects.  455 

Consequently, the findings should be interpreted as exploratory. 456 

Adherence to the intervention varied, with only 50% of participants completing all 12-weeks.  This 457 

intervention was originally designed to overcome the ‘lack of time’ barrier; however, other determinants of 458 

participation should also be considered in future research to increase engagement and adherence.  Although 459 

participants completed an average of 11 sessions, the overall training volume was low (approximately 30 min 460 

weekly).  The volume may have been insufficient to elicit detectable changes in some (FMD), but not other (CCA 461 

PCS and S-SR) vascular outcomes, given that the intervention included lower levels of exercise than is 462 

recommended by the World Health Organisation’s physical activity guidelines for adults (World Health 463 

Organisation 2020).   464 

Participants verbally confirmed post-menopausal status similar to the approach used by Campbell et al. 465 

(2023).  However, assessing endogenous hormones would have objectively confirmed menopausal status and 466 

helped isolate the intervention’s effects in females without fluctuating hormone levels, which are known to 467 

influence arterial function (DuPont et al. 2019).  Furthermore, while many of the FMD assessment guidelines 468 

were followed (Thijssen et al. 2019), participants were not asked to fast > 6 hours, avoid polyphenol-rich foods, 469 

or to follow the same diet before each intervention visit.  As a result, variability in these factors may have 470 

influenced the FMD outcomes in the current study.  Additionally, no a priori sample size calculation was 471 

performed, and the study may have been underpowered to detect smaller changes in BA FMD or conventional 472 

arterial stiffness measures.  These findings should therefore be interpreted with caution and confirmed in larger, 473 

adequately powered studies. 474 

 While 2D ultrasound imaging serves as a sensitive measure of local CCA strain, the broader physiological 475 

implications of improved PCS and S-SR remain unclear, particularly on arteries upstream from the CCA.  As it 476 
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has been suggested that increased PCS may enhance Windkessel buffering (Safar and Struijker-Boudier 2010), 477 

future studies should explore the potential link between PCS and arterial mechanics, such as blood velocity 478 

profiles within the internal carotid or middle cerebral arteries.   479 

 480 

4.4 Conclusion 481 

Our findings demonstrate for the first time that 12-weeks of resistance training improves 2D strain-482 

derived CCA function, but not endothelial function assessed via FMD, in previously inactive healthy middle-aged 483 

females.   Notably, improvements in carotid strain and strain rate were only observed when measured alongside 484 

an acute physiological stimulus.  These findings support the promotion of resistance in this population, as even 485 

once-weekly training may enhance arterial function.  Furthermore, this study highlights the use of 2D strain 486 

imaging in detecting vascular adaptations not identified by conventional measures and demonstrates that arterial 487 

function across physiological stress conditions provides additional insight beyond resting assessments alone.  488 
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