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Abstract 

We examined the effect of heavy-in  n i   ‘  imin ’  x   i   on the rate of adjustment of 

pulmonary O2        (k 砦  2p) initiated from elevated intensities. Fourteen men (separated into 

two groupsμ k 砦  2p≤25  [F   ]    k 砦  2p>25s [Slow]) completed step-transitions from 20W-to-

45%lactate threshold (LT; lower-step, LS) and 45%-to-90%LT (upper-step, US) performed (i) 

without; and (ii) with US preceded by heavy-intensity exercise (HUS). Breath-by-breath  砦  2p 

and near-infrared spectroscopy-derived muscle deoxygenation ([HHb+Mb]) were measured. 

Compared to LS, k 砦  2p was greater (p<0.05) in US in both Fast (LS, 19±4s; US, 30±4s) and 

Slow (LS, 25±5s; US, 40±11s) with k 砦  2p in US being lower (p<0.05) in Fast. In HUS, k 砦  2p in 

Slow was reduced (28±8s, p<0.05) and was not different (p>0.05) from LS or Fast group US. In 

Slow, k[HH +Mb] increased (p<0.05) in US relative to HUS; this finding coupled with a 

reduced k 砦  2p indicates a priming-induced improvement in matching of muscle O2 delivery-to-

O2 utilization during transitions from elevated intensities in those with Slow but not Fast  砦  2p 

kinetics.  

 

Keywords: O2 uptake kinetics, near-infrared spectroscopy, muscle oxygenation, priming 

exercise 
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Abstract 1 

We examined the effect of heavy-in  n i   ‘  imin ’  x   i    n  h            j   m n     2 

pulmonary O2        (k 砦  2p) initiated from elevated intensities. Fourteen men (separated into 3 

 w        μ k 砦  2p≤25  [F   ]    k 砦  2p>25s [Slow]) completed step-transitions from 20W-to-4 

45%lactate threshold (LT; lower-step, LS) and 45%-to-90%LT (upper-step, US) performed (i) 5 

without; and (ii) with US preceded by heavy-intensity exercise (HUS). Breath-by-breath  砦  2p 6 

and near-infrared spectroscopy-derived muscle deoxygenation ([HHb+Mb]) were measured. 7 

C m         L , k 砦  2p was greater (p<0.05) in US in both Fast (LS, 19±4s; US, 30±4s) and 8 

   w (L , 25±5   U , 40±   ) wi h k 砦  2p in US being lower (p<0.05) in F     In HU , k 砦  2p in 9 

Slow was reduced (28±8s, p<0.05) and was not different (p>0.05) from LS or Fast group US. In 10 

   w, k[HH +M ] in        ( <0 05) in U       i      HU    hi   in in          wi h   11 

        k 砦  2p indicates a priming-induced improvement in matching of muscle O2 delivery-to-12 

O2 utilization during transitions from elevated intensities in those with Slow but not Fast  砦  2p 13 

kinetics.  14 

 15 

Keywords: O2 uptake kinetics, near-infrared spectroscopy, muscle oxygenation, priming 16 

exercise 17 

 18 

 19 

 20 

 21 
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1. Introduction  22 

When exercise transitions are initiated from a higher compared to lower baseline 23 

metabolic rate within the moderate-intensity exercise domain (i.e., intensities that do not 24 

 n  n          i                 m    i n),  h  “  n  m n   ” ( h    II)   m  n n      h  25 

pulmonary O2        ( 砦  2p)      n   (       in   h    n mi    j   m n     m       砦  2) 26 

  j     m       w   (         h    II  砦  2p time constant, k 砦  2p)  n  wi h            砦  2p   in 27 

(       〉 砦  2p/〉WR)  h n wh n  h    m     n i i n i  ini i        m     w     seline (Bowen et 28 

al., 2011; Brittain et al., 2001; Hughson and Morrissey, 1982; Keir et al., 2016a, 2016b, 2014; 29 

MacPhee et al., 2005; Williams et al., 2013). These responses have been attributed to starting the 30 

 x   i      m                   in   m        ‘ n     i       ’   n  q  n      h                    31 

muscle metabolism (Bowen et al., 2011; Grassi et al., 2011; Meyer and Foley, 1996; Wüst et al., 32 

2014), to slowed adjustments in convective muscle O2 delivery to support oxidative metabolism 33 

(Hughson and Morrissey, 1982; MacPhee et al., 2005), and to recruitment of motor units which 34 

are positioned higher in the muscle recruitment hierarchy and that are comprised of muscle fibre 35 

pools having lower metabolic efficiency and slower dynamic adjustment characteristics (Brittain 36 

et al., 2001; Wilkerson and Jones, 2006). 37 

In in i i           n in  wi h    w    砦  2p kinetics (i.e., k 砦  2p   20  ) wi hin  h  38 

m       -in  n i     m in,   i   h      x   i   w    h wn    h      ‘  imin        ’  n  h  39 

 砦  2p response with kinetics becoming faster (i.e., a lower phase II k 砦  2p) in  h  ‘  im  ’ 40 

  m          h  ‘ n  im  ’   n i i n (DeLorey et al., 2007; Gurd et al., 2006, 2005; Murias et 41 

al., 2011; Spencer et al., 2013, 2012)      ,  h  ‘     in ’ w           in in i i           n in  42 

wi h    w    砦  2p  in  i   in  h  ‘ n  im  ’   n i i n (Gurd et al., 2009, 2006, 2005; Murias et 43 

al., 2014, 2011). This effect has been linked to priming-induced: i) acute improvements in the 44 



 4 

coordination of microvascular blood flow and O2 delivery (Murias et al., 2011; Spencer et al., 45 

2012); ii) acute reductions in the activation time for oxidative phosphorylation (Behnke et al., 46 

2002; Korzeniewski and Rossiter, 2015) through activation of rate limiting enzymes and greater 47 

delivery of oxidative substrate to mitochondria (Gurd et al., 2006; Howlett et al., 1999; Timmons 48 

et al., 1998); and iii) a combination of both mechanisms (Gurd et al., 2005).  49 

Few studies have examined the effects of heavy-intensity priming exercise on phase II 50 

 砦  2p kinetics during transitions from elevated baselines. In those studies, prior exercise was 51 

demonstrated to be ineffective at reducing phase II k 砦  2p    in  ‘w   -to-w   ’    n i i n  52 

(DiMenna et al., 2008; DiMenna et al., 2009; DiMenna et al., 2010b), suggesting that limitations 53 

in local muscle O2 availability are unlikely to contribute to the response. However, in these 54 

studies transitions were from moderate-intensity baselines into either the heavy- or severe-55 

intensity exercise domains where  砦  2p      n    ( n   i            i n     砦  2p) are markedly 56 

different from responses confined within the moderate-intensity domain (Poole et al., 2008). Our 57 

group has demonstrated that in in i i      wi h      i        w  砦  2p  in  i  ,     i           58 

h    -in  n i    x   i           in         砦  2p kinetics during the subsequent transition to 59 

moderate-intensity exercise (Gurd et al., 2005; Murias et al., 2011; Scheuermann et al., 2002)  60 

 h       , i    m in   n     in       wh            h    -in  n i     imin  in     n i n m   h    61 

 n  砦  2p kinetics when transitionin     m               in   wi hin  h  m       -in  n i   62 

  m in –     i        in in i i      h  in     w  砦  2p kinetics.  63 

Recently, Wi  i m        , (20 3)           h        w        hi h-in  n i   in       64 

   inin                 i n in k 砦  2p (relativ        -   inin  m       ) in    h  h    w  - (L μ 65 

   m 24       4  )  n       -     (U μ    m 45      25  )      m       -in  n i   ‘      -    ’ 66 

           h       i        in      砦  2p kinetics was accompanied by an unchanged rate of 67 
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adjustment in musc      x   n  i n ([HH +M ]     i      in  n   -in                   ) in 68 

   h L   n  U  (  m            -   inin  m       )  n   h    h  〉[HH +M ]/〉 砦  2 ratio 69 

‘     h   ’ (       in       n i n           in mi                     w-to-muscle O2 utilization 70 

and increased O2 extraction) was eliminated in US. Despite the apparent rectification of any 71 

muscle O2    i      imi   i n  in U ,  砦  2p  in  i     m in      w    h n L         in   h    h  72 

  n  m n                w    砦  2p kinetics may not be related to limitations in regional O2 73 

delivery.  74 

  In light of these observations, we examined the effects of heavy-intensity priming 75 

exercise on the  砦  2p and [HHb+Mb] responses to transitions from elevated baseline intensities 76 

constrained within the moderate-intensity domain whilst considering individuals with both faster 77 

and slower  砦  2p kinetics. Such an experimental design could serve to elucidate the mechanisms 78 

contributing to: i) the slowing of  砦  2p kinetics with transitions from elevated baseline intensities; 79 

and ii) the speeding of moderate-intensity on-transient kinetics with heavy intensity priming 80 

exercise. We hypothesized that: 1) k 砦  2p would be greater in US vs LS in both the faster and 81 

slower groups; 2) heavy-in  n i     imin   x   i   w                     i n in k 砦  2p of US 82 

(relative to unprimed control) in the slower, but not fast group; 3) the speeding of  砦  2p kinetics 83 

in US in the slower group would be accompanied by a slowing in the kinetics of [HHb+Mb]. 84 

 85 

2. Methods 86 

2.1 Participants. F      n h    h     n  m n (   μ 25 ± 2      砦  2peak: 49.5 ± 5.3 mL∙  -87 

1∙min-1; mean ± SD) volunteered and provided written informed consent to participate in this 88 

study. All procedures were approved by The University of Western Ontario Research Ethics 89 

Board for Health Sciences Research involving Human Subjects. Participants were recreationally 90 
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active non-smokers, who had no known cardiovascular, respiratory, metabolic or 91 

musculoskeletal disease and who were not taking any medications that might affect 92 

cardiorespiratory and hemodynamic responses to exercise. Participants were instructed not to 93 

consume food or caffeine two hours prior to visits to the laboratory for data collection and to 94 

avoid exercise 24 hours prior to testing.  95 

2.2 Preliminary Testing.    h     i i  n        m       m  in   m n     x   i        96 

(20-25 W/min)     h   imi           n    n             m     (m    μ H-300-R L     L        , 97 

   nin  n,  h     h    n  )          min  i n          砦  2p ( 砦  2peak) and estimated lactate 98 

threshold ( ); the ramp portion of the protocol was initiated after 4 min of baseline cycling at 99 

20 W. Participants were asked to maintain a cycling cadence between 60 - 70 rpm. The was 100 

estimated by visual inspection using a combination of standard gas exchange and ventilatory 101 

measures as previously described (Beaver et al., 1986).    h     i i  n  w      i n   w          102 

(WR)         n in      h   砦  2p associated with: i) ~90% (WR90); ii) 50% of the difference 103 

betw  n 20 W  n  WR 0 (WR50)   n  iii) 〉50  (i   , WR         n in     ~50      h  104 

difference between  n   砦  2peak). 105 

2.3 Experimental Protocol. Three separate experimental protocols were performed by 106 

each participant. Each exercise protocol began with 6 min of baseline cycling at 20 W after 107 

which distinct series of step-changes in WR were performed as follows (Fig.1): Protocol A) two 108 

step-changes in WR to 90% (i.e., WR90) (MOD1, MOD2) each lasting 6 min, separated by a 6 109 

min bout of heavy-intensity exercise a    WR         n in     〉50 ,        i           i    110 

(Scheuermann et al., 2002); Protocol B) two equal step-changes in WR performed in series from 111 

20WWR50 (LS) and from WR50WR90 (US), each lasting 6 min; Protocol C) two equal 112 

step-changes in WR performed in series from 20WWR50 (LS) and from WR50WR90 113 

Lし̂

Lし̂

Lし̂

Lし̂

Lし̂
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(HUS), each lasting 6 min, but separated by a 6 min bout of heavy-in  n i    x   i      〉50 , 114 

and a subsequent 6 min bout at the previous workload (LS: 20WWR50, WR50〉50 , 115 

〉50 WR50; HUS: WR5090% ). During all trials, participants maintained a cadence of 116 

~70 rpm. Each participant completed 3-6 repeats of each protocol in a randomized order. The 117 

larger amplitude of the  砦  2p response due to a larger increase in WR resulted in each participant 118 

completing 3 repeats of Protocol A. In order to ensure a high signal-to-noise ratio for a protocol 119 

utilizing smaller  砦  2p amplitude, 6 repeats were performed for Protocols B and C. In all cases, 120 

only one exercise trial was performed per visit.  121 

2.4 Data Collection 122 

During each trial participants wore a noseclip and breathed through a mouthpiece for 123 

breath-by-breath gas-exchange measurement. Inspired and expired volumes and flow rates were 124 

measured using a low dead space (90 mL) bidirectional turbine (Alpha Technologies, VMM 110) 125 

and pneumotach (Hans Rudolph, Model 4813) positioned in series from the mouthpiece (total 126 

apparatus dead space was 150 mL); respired air was sampled continuously at the mouth and 127 

analysed by mass spectrometry (Innovision, AMIS 2000, Lindvedvej, Denmark) for fractional 128 

concentrations of O2, CO2 and N2. The volume turbine was calibrated before each test using a 129 

syringe of known volume (3 L) over a range of flow rates and the pneumotach was adjusted for 130 

zero flow. Gas concentrations were calibrated with precision-analyzed gas mixtures. The time 131 

delay between an instantaneous, square-wave change in fractional gas concentration at the 132 

sampling inlet and its detection by the mass spectrometer was measured electronically by 133 

computer. Respiratory volumes, flows, and gas concentrations were recorded in real-time used to 134 

build a profile of each breath. Alveolar gas exchange was calculated on a breath-by-breath basis 135 

using the algorithms of Swanson (1980). 136 

Lし̂
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2.5 Near-infrared spectroscopy. Local muscle deoxygenation ([HHb+Mb]) of the vastus 137 

lateralis muscle was monitored continuously with a frequency-domain multi-distance near-138 

infrared spectroscopy (NIRS) system (Oxiplex TS, Model 95205, ISS, Champaign, IL, USA) as 139 

described elsewhere (Spencer et al., 2012). The probe was placed on the belly of the muscle, 140 

midway between the lateral epicondyle and greater trochanter of the femur; it was secured in 141 

place with an elastic strap and bandage tightened to prevent movement and covered with an 142 

optically-dense, black vinyl sheet, thus minimizing the intrusion of extraneous light and loss of 143 

NIR light. The NIRS measurements were collected continuously for the entire duration of each 144 

trial. Briefly, the system comprised a single channel of eight laser diodes operating at two 145 

w     n  h  (そ = 6 0  n  828 nm,            h w     n  h)        in      i         i n (  0 146 

MHz) and a photomultiplier tube. The lightweight plastic NIRS probe (connected to laser diodes 147 

and photomultiplier tube by optical fibers) consisted of two parallel rows of light emitter fibers 148 

and one detector fiber bundle; the source-detector separations for this probe were 2.0, 2.5, 3.0, 149 

and 3.5 cm for both wavelengths. 150 

The NIRS was calibrated in accordance with manufacturer guidelines at the beginning of 151 

each testing session following an instrument warm-up period of at least 20 min. Calculation of 152 

[HHb+Mb] reflect     n in     m      m n                       in       i i n  (たs’) m    153 

throughout each testing session (i.e., constant scattering value not assumed). To improve the 154 

signal-to-noise ratio a moving average was applied to the NIRS signal with a measurement 155 

averaging period of 1000 ms and a scatter averaging period of 50,000 ms. Data were stored 156 

online at an output frequency of 25 Hz, but were reduced to 1 s bins for all subsequent analyses.  157 

2.6 Data Analysis 158 
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     h-  -     h  砦  2p data were edited by removing data that lay outside 3 SD of the 159 

local mean (Lamarra et al., 1987). The remaining data were interpolated to 1 s intervals, and 160 

time-  i n      h  h    im  “z   ”        n     h  ini i  i n     h      -increase in WR. The 161 

remaining data were linearly interpolated on a second-by-second basis, using the protocol where 162 

values removed by editing were replaced by data joined by straight-line segments (refer to Keir 163 

et al., 20 4)  Li  -  i    w     n  m   -          n      h            in   5    im   in    h   n-164 

   n i n       n         砦  2p and [HHb+Mb] were modelled using the following exponential 165 

equation:  166 

   Y(t) = YBSL + A (1 – e-(t-TD)/k)     Equation 1  167 

where Y(t) represents the value of the dependent variable at any given time (t); YBSL is the steady-168 

state baseline value of Y before an increase in WR (given as the average Y value in the 60 s 169 

period immediately prior to a transition); A is the amplitude of the increase in Y above YBSL; k i  170 

the time constant representing the time to attain 63% of the steady-state amplitude; and TD 171 

represents the mathematically generated time delay at which the exponential model is predicted 172 

to intersect YBSL. The functional gain (G)     h   h    II  砦 O2p response was calculated as 173 

〉 砦  2pss/〉WR (m :min− ·W− ), where  砦  2pss is steady-state increase in  砦  2p above baseline and 174 

〉WR i   h   h n   in WR (in W)  Data were modelled from the phase I-phase II transition to the 175 

end of the 6 min exercise transition using non-linear least-squares regression (Origin 8.5; 176 

OriginLab, Northampton, MA). The 95% confidence interval (CI95) for the estimated time 177 

constant was determined after preliminary fit of the data with YBSL, A and TD constrained to the 178 

best-fit values and the k allowed to vary. Phase I was excluded from the fitting window by 179 

progressively moving the window (from 35 s) back towards time zero while examining the 180 

flatness of the residual profile and values of CI95 [where CI95 is equal to the SE (derived from the 181 
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sum of squared residuals from the model parameter estimates) multiplied by the t-distribution 182 

value for the 2.5% two-tailed dimensions]. The window that yielded the flattest residuals (visual 183 

inspection) and most reduced CI95 was considered as the mono-exponential region (Rossiter et 184 

al., 2001); note that there are other methods that the influence of phase I may be avoided (Murias 185 

et al., 2011b). The mean response time (MRT- 砦  2p) of  砦  2p was characterized from a fit of the 186 

 砦  2p response from t=0 to the end of the exercise. The NIRS-derived [HHb+Mb] profiles were 187 

time-aligned and ensemble-averaged into 5 s bins to yield a single response time for each 188 

subject. The time-course of adjustment for the [HHb+Mb] profile has been previously described 189 

as consisting of a time delay at the onset of  x   i  , wi h        q  n  “ x  n n i  - i  ” 190 

increase in the signal with time of exercise (DeLorey et al., 2003). The time delay for the 191 

[HHb+Mb] response (TD-[HHb+Mb]) was determined visually using second-by-second data and 192 

corresponded to the time, after the onset of exercise, at which the [HHb+Mb] signal increased 193 

above 1 SD of the pre-transition baseline value. Determination of the TD-[HHb+Mb] was made 194 

on individual response profiles and averaged over the number of trial repeats for that individual. 195 

The ensemble-averaged [HHb+Mb] responses were modeled from TD-[HHb+Mb] with a 196 

monoexponential function of the form in Eq. 1 to determine the time course of muscle 197 

[HH +M ] (k[HH +M ])       in  [HH +M ] ([HH +M ]BSL) values were fixed as the mean 198 

value in the 60 s    i       in             n i i n   imi        砦  2p described previously. Whereas 199 

the k[HHb+Mb] describes the time course for the increase in [HHb+Mb], the effective time 200 

constant, or MRT, of [HHb+Mb] (MRT-[HHb+Mb] = TD-[HH +M ] + k[HH +M ])      i    201 

the overall time course of the [HHb+Mb] from the onset of each step transition. The [HHb+Mb] 202 

at the end of each step ([HHb+Mb]end-step) was computed from the average of the last 60 s of each 203 

step transition. 204 
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2.7 Statistics  205 

Values are presented as mean          m        im          砦  2p and NIRS-derived 206 

[HHb+Mb] data using a two-way (Group x Condition) repeated measures analyses of variance 207 

(ANOVA) to determine statistical significance for the dependent variables. When interactions 208 

were identified, Tukey’      -hoc analysis was used. Pearson product moment correlation 209 

coefficients were used to determine the degree of association amongst key variables. 210 

All statistical analyses were performed using SigmaPlot 11 (Systat, California, USA).  211 

Statistical significance was accepted at p<0.05. 212 

3. Results 213 

By design, participants were separated into two groups based on  砦  2p kinetics from 214 

MOD1μ k 砦  2p < 25   (F           n = 6  k 砦  2p range: 19 s - 24  )  n  k 砦  2p > 25 s (Slow 215 

       n =8  k 砦  2p range: 26 s - 48 s). The two groups were not different for  砦  2peak (Fast, 4.04 216 

± 0 2  L∙min-1     w, 3  3 ± 0 37 L∙min-1), WRpeak (Fast, 345 ± 17 W; Slow, 331 ± 12 W),  n  217 

 砦  2p and WR associated with  (Fast, 2  7 ± 0 32 L∙min-1 and 131 ± 34 W, respectively; Slow, 218 

2.19 ± 0 27 L∙min-1 and 130 ± 27 W, respectively). As such, the WRs corresponding to WR50 219 

(i   , WR          L ), WR 0 (i   , WR          M  , U ,  n  HU )  n  ∆50  w    n   220 

different between the Fast (WR50, 75 ± 17 W; WR90, 131 ± 34 W; ∆50 , 232 ± 34 W) and 221 

Slow groups (WR50, 75 ± 13 W; WR90, 130 ± 27 W; ∆50 , 231 ± 30 W)   h        -      222 

 砦  2pss associated with all moderate-intensity WRs did not exceed the  砦  2p corresponding to 223 

in any of the participants. 224 

     賀  2p kinetics 225 

3.1.1 MOD1-MOD2 Transition.  h   砦  2p  in  i      m        im          i        in 226 

                i n, k 砦  2p in MOD1 was lower (p<0.05) in Fast (21 ± 2 s) compared to Slow 227 

Lし̂

Lし̂
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(32 ± 7 s)        h    -in  n i   ‘  imin ’  x   i    h    w   n   h n   in k 砦  2p in F        in 228 

   w k 砦  2p was reduced (to 24 ± 2 s;  <0 05)  n  n    i     n     m F    M     n  M  2  229 

 h        i n k 砦  2p    w  n M     n  M  2 w      i i                (  = 0 76,  <0 05) 230 

wi h  h  ini i   k 砦  2p in MOD1 (Figure 2A).  231 

3.1.2 LS-US Transition. The parameter estimates for the on-transient  砦  2p      n     n  232 

 h        m  n  n  m   -          砦  2p     i       L -U       h  F     n     w            233 

     n    in       2  n  Fi     3 ( ,  ),        i       h     n i i n    U  w   ini i        m  n 234 

          砦  2pbsl and despite i  n i    〉WR     L   n  U ,    h k 砦  2p and G were greater in US 235 

compared to LS in both groups (p<0.05).  236 

3.1.3 LS-HUS Transition. The parameter estimates for the on-transient  砦  2p      n    237 

 n   h        m  n  n  m   -          砦  2p profiles to LS-HUS for the Fast and Slow groups 238 

are presented in Table 2 and Figure 3 (C, D), respectively.  The LS to HUS transition consisted 239 

of two equal step-changes in WR performed in series from 20WWR50 (LS) and from 240 

WR50WR90 (HUS), each lasting 6 min, but separated by a 6 min bout of heavy-intensity 241 

 x   i      〉50   n         q  n  6 min          h      i    w                n ’   -     242 

  n i m    h    h    w    n   i     n    in    h  砦  2p and NIRS-derived parameter estimates for 243 

LS from both protocols B and C (p<0.05), therefore these data were averaged into a single value 244 

(LS) for all subsequent comparisons 245 

In  h  F         ,       ‘  imin ’  x   i  , k 砦  2p remained greater (p<0.05) in HUS (30 246 

± 5 s) than in LS (19 ± 4 s) but was not different from US (30 ± 4 s)  H w    , in  h     w 247 

     , ‘  imin ’  x   i            in        in      砦  2p  in  i      h  h    h  k 砦  2p in HUS (28 248 

± 8 s) was not different to LS (21 ± 5 s)  n        h n  h  k 砦  2p in US (40 ± 11 s) (p<0.05)   h  249 

      i n in k 砦 O2p    w  n HU   n  U  w    in                 wi h k 砦  2p in  h  ‘ n  im  ’ 250 



 13 

US condition (r = 0.73; p<0.05; Figure 2B). In both the Fast and Slow groups, after the heavy-251 

in  n i   ‘  imin ’  x   i  ,  h  G in HUS was not different to LS but lower than in US 252 

(p<0.05).  253 

3.2 [HHb+Mb] Kinetics  254 

3.2.1 MOD1-MOD2 Transition. The parameter estimates for muscle [HHb+Mb] kinetics 255 

are presented in Table 1. There were no differences in any [HHb+Mb] kinetic parameters 256 

between the Fast and Slow groups during MOD1 (Table 1). In both groups, the [HHb+Mb]bsl 257 

was lower (p<0.05) but the [HHb+Mb]amp was greater (p<0.05) in MOD2 than in MOD1. Also, 258 

in both groups, TD-[HH +M ] w    h      ( <0 05)  n   h  k[HH +M ] w           ( <0 05) 259 

in MOD2 than in MOD1, and as a consequence  h          k’[HH +M ] w   n    i     n  in  h  260 

Fast group in MOD1 and MOD2 but was greater (p<0.05) in MOD2 in the Slow group (Table 1).  261 

3.2.2 LS-US Transition. The group mean [HHb+Mb] kinetic parameter estimates and 262 

group mean profiles for the LS-US transition are displayed in Table 3 and Figure 4A.  For both 263 

groups, the [HHb+Mb]bsl was elevated (p<0.05) and the [HHb+Mb]amp was not different in US 264 

compared to LS.  Also, in both groups, a shorter TD-[HHb+Mb] (p<0.05) and greater 265 

k[HH +M ] ( <0 05) in U   h n in L           in   n    i     n          k’[HH +M ] in U   n  266 

L    H w    , whi    h  k[HH +M ]  n  k’[HH +M ] w    n    i     n         h        in L , 267 

   in  U   h  k[HH +M ],     n   k’[HH +M ], w    h      ( <0 05) in  h     w  h n in  h  268 

Fast group (Table 3). 269 

 3.2.3 LS-HUS Transition. In both groups, TD-[HHb+Mb] was shorter (p<0.05) and 270 

k[HH +M ] w           ( <0 05) in HU   h n in L  (      3)  k[HH +M ] in HU   n  U  271 

w    n    i     n  in  h  F         ,     in  h     w       k[HH +M ] was greater (p<0.05) in 272 

HU   h n in U  (      3)      , in  h  F         ,  h          k’[HH +M ] w   n    i     n  in 273 
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HU , L   n  U ,     in  h     w      , k’[HH +M ] w           ( <0 05) in HU    m         274 

both LS and US, and was greater (p<0.05) than the Fast group in HUS but not US.  275 

4. Discussion 276 

In  hi       ,  h            h    -in  n i   ‘  imin ’  x   i    n  砦  2p and muscle 277 

deoxygenation kinetics was examined in response to moderate-intensity step-transitions initiated 278 

from a raised baseline WR in in i i      wi h    w,   m             ,  砦  2p  in  i       n  279 

       (m  n    , 25    ) w                  in     wh  h    h    x           w   (k 砦  2p   25 280 

 )           (k 砦  2p < 25  )  砦  2p kinetics based on a preliminary step-transition to a WR 281 

corresponding to ~90% (WR90). Consistent with previous studies (Bowen et al., 2011; 282 

Brittain et al., 2001; Keir et al., 2016b, 2014; MacPhee et al., 2005; Williams et al., 2013)     283 

    i i  n   in    h  h  F     n     w          m n                   h    II k 砦  2p and greater 284 

G when step-   n i i n      imi    〉WR w    ini i        m   hi h (U )   m             w   285 

(LS) baseline intensity, each within the moderate-intensity domain. The novel finding was that 286 

heavy-in  n i   ‘  imin ’  x   i   w         i   in      in  k 砦  2p (i   ,      in   砦  2p kinetics) 287 

in the Slow group, but not the Fast group, during exercise on-   n i i n     m   w (M    s 288 

M  2μ    w, 32   s 24    F   , 2    s 2   )  n                in  WR  (U  s HU μ    w, 40 289 

  s 28    F   , 30   s 30  )   h       in       2p  in  i         ‘  imin ’  x   i   in  h     w 290 

group was accompanied by a slowing of [HHb+Mb] kinetics (longer  and ’)        in   h    h  291 

dynamics of muscle O2 utilization were enhanced consequent to improved muscle perfusion 292 

which reduces the reliance on O2 extraction during the early transition to exercise 293 

These findings suggest that for the Slow group, but not the Fast group, any limitation 294 

imposed on the adjustment of muscle O2   i iz  i n    in  U  w         m    n  q  n       295 

Lし̂
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        h    -in  n i   ‘  imin ’  x   i    F   h  m   ,       ‘  imin ’  x   i  ,  h   砦  2p 296 

kinetics in US were not different from LS for the Slow group.  297 

 h    砦  2p kinetics were faster in LS compared to US is consistent with other studies that 298 

 x min   “m   i-    ”  x   i   wi hin  h  m       -intensity domain (Bowen et al., 2011; 299 

Brittain et al., 2001; Keir et al., 2016b, 2014; MacPhee et al., 2005; Williams et al., 2013). 300 

Furthermore, the finding that heavy-in  n i   ‘  imin ’  x   i   w        i     wi h           301 

reduction in k 砦  2p during subsequent moderate-intensity exercise in those individuals having 302 

“   w  ”   m         “      ”  砦  2p kinetics also is consistent with previous findings (Chin et 303 

al., 2010; Gurd et al., 2009, 2006, 2005; Murias et al., 2011). Therefore, this discussion will 304 

focus on the novel finding: a bou     h    -in  n i     imin   x   i   i        i           in  305 

 砦  2p  in  i      m       -in  n i   w   -  -w       n i i n  in  h    wi h    w     n        306 

 砦  2p kinetics.  307 

In the present study, a bout of heavy-intensity 'priming' exercise resulted in a s    in     308 

 砦  2p  in  i   in HU  in  h    wi h    w ( 25  )  砦  2p  in  i    In  hi       ,  h  ‘  imin ’      309 

         in    h         砦  2p  in  i   in HU  (k 砦  2p ~28 )      i      U  (k 砦  2p ~40s) and an 310 

in       in    h k[HH +M ]  n  k’[HH +M ] in HU       i      U  (k[HH +M ]μ  4    24   311 

 n  k’[HH +M ] μ 2     26  ,     U     HU ,        i    )   h           j   m n     m       2 312 

  i iz  i n (in          m  h   m       h    II k 砦  2p) was associated with an earlier onset of 313 

muscle deoxygenation (smaller TD-[HHb+Mb]) but a slower time course of fractional O2 314 

 x     i n (       k[HH +M ]  n  k’[HH +M ])        in   h   m      mi            315 

      i n  i     w    nh n    in U        ‘  imin ’  x   i   (     w              x   n  i n in 316 

the presence of faster rate of muscle O2 utilization is consistent with a greater O2 delivery). 317 

MacPhee et al., (2005) demonstrated that transitions of moderate-intensity knee-extension 318 
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exercise initiated from high vs. low baseline metabolic rates were associated wi h    w    in  i   319 

      h  砦  2p  n    m     (  n  i )                 w,    w           w         -               w-320 

  - 砦  2p    i   H    -in  n i   ‘  imin ’  x   i           n  i             in      砦  2p kinetics 321 

during a subsequent US exercise bout via i) greater bulk muscle (conduit artery) blood flow and 322 

local muscle microvascular blood flow and O2 delivery, ii) rightward-shift of the oxyhemoglobin 323 

dissociation curve (induced via changes in acidosis, PCO2 and temperature), iii) greater O2 flux 324 

from th     i      in   m        n  q  n               m      mi                     w-  - 砦  2 325 

ratio facilitating a greater capillary PO2 and O2 driving pressure, iv) improved muscle O2 326 

diffusing capacity related to an increase in functional capillary surface area (i.e., related to a 327 

greater capillary red blood cell volume in contact with the muscle membrane), v) greater 328 

intracellular PO2 and O2 flux across the mitochondrial membrane, or vi) more rapid activation of 329 

rate-limiting oxidative enzymes and/or enhanced delivery of oxidative substrate to the 330 

mitochondrial tricarboxylic acid (TCA) cycle and electron transport system (ETS) (Gerbino et 331 

al., 1996; Burnley et al., 2000; DiMenna et al., 2010c; Spencer et al., 2012 Gurd et al., 2006; 332 

Gurd et al., 2009). Our data suggest that microvascular blood flow distribution may have been 333 

improved in HUS and, at least in part,   n  i                in      砦  2p kinetics during work-to-334 

work transitions, but in the Slow group only. However, faster adjustments and flux through 335 

metabolic pathways in the Slow, but not the Fast, group cannot be discounted. Alterations of 336 

microvascular blood flow distribution between the Slow and Fast groups may accompany our 337 

        i n  h      n , h    h  in i i        n      n  wi h           n      ini i   k 砦  2p 338 

values, in agreement with previous findings (Murias et al., 2011; Nederveen et al., 2014). 339 

   h   h  n in           i  i n    w  n k 砦  2p and  砦  2peak has been reported previously 340 

(Chillibeck et al., 1996; Gurd et al., 2005; Murias et al., 2011), in the present study no 341 
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relationship was observed between fitness ( 砦  2peak)  n  k 砦  2p (-0.43, p>0.05) - in fact, some 342 

individuals presenting with the highest  砦  2peak (e.g., 56 mL kg-1 min-1) were in the Slow group 343 

(i   , k  砦  2p = 39 s).  Findings by Wust et al. (2013) suggest that the  砦  2p rate constant (k = 1/) 344 

in single muscle cells is linearly correlated with the cellular  砦  2max, a finding that is reflected at 345 

the whole body level across multiple species ranging widely in  砦  2max (reviewed by Poole and 346 

Jones, 2012).  In the present study, we did not find a significant relationship between k and 347 

 砦  max (R = 0.362, p > 0.05), perhaps as a consequence of the relatively narrow ranges for both 348 

 砦  max and k 砦  2p (and thus k).  Although not a focus of the present study, the lack of relationship 349 

between measures of fitness and  砦  2p kinetics (as assessed by the tau or k) may not be 350 

surprising, leading one to speculate that the speed of adjustment of  砦  2p might be an important 351 

independent predictor of health, fitness and tolerance for exercise and daily activities (Rossiter, 352 

2011). 353 

W  m     h          i n  h   whi    h     w        xhi i            砦  2p  in  i   354 

     win  ‘  imin ’  x   i  ,  砦  2p  in  i   w    n            in  h  F          –  hi      i    h  355 

k 砦  2p being ~60% greater in US than in LS. Furthermore, in Fast, [HHb+Mb] kinetics were not 356 

different between US and HUS. Taken together, it appears that any priming-induced increase in 357 

O2 delivery may contribute (but not completely eliminate) the slower  砦  2p kinetics in the HUS 358 

in the Slow group, but have no effect on HUS  砦  2p kinetics in Fast. However, there appears to a 359 

limit to these improvements in O2 delivery in Slow (~28s k 砦  2p) following priming, such that 360 

they are similar to observed in Fast (~30s k 砦  2p). Therefore, regardless of whether or not 361 

individuals were sped following a priming bout of exercise, these data suggest that there may be 362 

mediators other than O2 delivery that limit the adjustment to mitochondrial oxidative 363 

phosphorylation and contri           w    砦  2p when exercise transitions are initiated from an 364 
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elevated metabolic rate. A raised metabolic rate in muscle is associated with a disruption to the 365 

m      i  “    i i  ” wi hin  h     i   m      (i   , in        m      [H+], [ADPfree], [Pi], 366 

[AMP free], [IMP free],  n        i n in [ C ], [   ],  n       n    i   ∆ ATP), and presumably 367 

would occur in individuals regardless of whether their initial  砦  2p could be considered fast or 368 

slow. Collectively, a greater perturbation of the m      i   n i  nm n    i       h   n       369 

 x   i      n i i n , in     , m           n i                k 砦  2p elicited during transitions from 370 

elevated levels of metabolism. 371 

Alternatively, transitions from elevated baseline metabolic rates recruits addi i n   m     372 

 ni  ,  n   h    h     w    砦  2p kinetics and greater G may reflect the metabolic and contractile 373 

characteristics of the newly recruited muscle fibres (Brittain et al., 2001; Wilkerson and Jones 374 

2006; Keir et al., 2016a, Keir et al., 2016b)  In  hi     n  i ,       in     H nn m n’   iz  375 

principle of motor unit recruitment, muscle fibres associated with   w  h   h    m      ni  , 376 

       in    w   k 砦  2 and G, w             i           n i     wi h  x   i      n i i n  ini i     377 

        w        in  WR  (    , L ) wi h m       i     h  in          k 砦  2p and G 378 

characteristics being recruited from transitions initiated from higher baseline WRs (e.g., as in US 379 

and HUS) (Rossiter, 2011). Also, higher order muscle units may have metabolic profiles that are 380 

less oxidative and which are perfused by vascular units having lower and slower contraction-381 

induced hyperemic responses (Behnke et al., 2003; Ferreira et al., 2006; McDonough et al., 382 

2005),  n              i     wi h    w    砦  2p kinetics in both human (Barstow et al., 1996; 383 

Pringle et al., 2003) and animal (Crow and Kushmerick, 1982; Wüst et al., 2013) m       384 

 h       , ‘  imin ’  x   i    h        m          i   in  i    i n  wh     砦  2p kinetics are 385 

slowed because of inadequate muscle O2 availability.  386 
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In conclusion, we showed that a bout of heavy-in  n i   ‘  imin ’  x   i   w   387 

associated with a speeding of  砦  2p kinetics (smaller k 砦  2p) in individuals presenting with 388 

slower (Slow, k 砦  2p > 25s), but not faster (Fast, k 砦  2p < 25s),  砦  2p kinetics during step-389 

transitions into the moderate-intensity domain initiated from an elevated baseline metabolic rate. 390 

This reduction in k 砦  2p      q  n      h  ‘  imin ’  x   i        w        i     wi h      w   391 

rate of muscle deoxygenation (i.e., in        k-  n  k’-[HHb+Mb]) in the Slow, but not the Fast, 392 

group suggesting that improved microvascular O2 delivery and distribution within the active 393 

muscle fibers during the exercise on-transient may have contributed to the faster adjustment of 394 

 砦  2p. However, in the Fast group microvascular O2    i             n       imi  m       砦  2 395 

kinetics.  396 

 397 
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Figure Captions 570 

 571 

Figure 1. Schematic of three experimental exercise protocols. Left panel: MOD1 – Hvy – 572 

MOD2 protocol; MOD, moderate-intensity exercise (~90% ), Hvy, heavy-in  n i   “  imin ” 573 

exercise. Middle panel: LS – US protocol; LS (~45% ), US (~90% ). Right panel: LS – 574 

Hvy – HUS protocol; LS (~45% ), Hvy, HUS (~90% ). By design, work rates at both LS 575 

and US/HUS were identical for participants.  576 

 577 

Figure 2.    n   ( )       i n hi     w  n  h   h n    (∆) in k 砦  2p from MOD1 to MOD2 and 578 

initial MOD1 k 砦  2p (p<0.05). Panel (B);      i n hi     w  n  h   h n    (∆) in k 砦  2p from US 579 

to HUS and initial US k 砦  2p (p<0.05). Open circles denote individual data, filled square denotes 580 

group mean ± SD). Dashed diagonal line on each graph represents the line of best fit. 581 

 582 

Figure 3. Ensemble average group mean responses (~5s average, open circles) for  砦  2p in 583 

response to experimental conditions. Vertical dashed lines indicate the onset of the work 584 

transition. The group mean phase II  砦  2p kinetic response for each condition are superimposed 585 

over the data (black lines, fitted with a mono- x  n n i     n  i n)  k 砦  2p values (±SD) are inset 586 

under each transition and residuals are shown about y = 0. Panel (A) denotes the Slow group (n = 587 

8) response to LS-US transitions; Panel (C) denotes the Slow group response to LS-Hvy-HUS 588 

transitions. Panel (B) denotes the Fast group (n = 6) response to LS-US transitions; Panel (D) 589 

denotes the Fast group response to LS-Hvy-HUS transitions 590 

 591 

Figure 4. Ensemble average group mean response for the adjustments of deoxyhemoglobin 592 

concentration ([HHb+Mb], µm) in response to experimental conditions. Vertical dashed lines 593 

indicate the onset of the work transition. Panel (A) denotes the ensemble average group mean for 594 

Lし̂

Lし̂ Lし̂

Lし̂ Lし̂
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Slow group (black line) and for the Fast group (grey line) in response to LS-US transitions. Panel 595 

(B) denotes the ensemble average group mean for the Slow group (black line) and for the Fast 596 

group (grey line) in response to LS-HUS transitions. 597 

 598 

 599 
 600 
 601 
 602 
 603 



          in  i      m        im          砦  2p and [HHb+Mb] in Fast and Slow groups during MOD1 and MOD2 1 

 2 

  FAST (n=6)  SLOW (n=8) 
Parameter  MOD1 MOD2  MOD1 MOD2 

 砦  2p       

 砦  2pbsl (L·min-1)  0.86 ± 0.07 0.98 ± 0.09†  0.87 ± 0.16 1.05 ± 0.16† 

 砦  2pss, (L·min-1)  1.89 ± 0.42 1.96 ± 0.41†  1.88 ± 0.21 1.97 ± 0.25† 

Ap, (L·min-1)  1.00 ± 0.39 0.93 ± 0.39†  1.00 ± 0.39 0.93 ± 0.39† 

k 砦  2p (s)  21 ± 2 21 ± 2  32 ± 7* 24 ± 2† 

C95 (s)  5 ± 2 7 ± 2  5 ± 2 6 ± 2 

G (mL·min-1·W-1)  9.3 ± 1.8 8.8 ± 1.8†  9.2 ± 0.34 8.3 ± 0.5† 

[HHb+Mb]       

[HHb+Mb]bsl (たM)  23.7 ±  6.8 21.0 ± 5.3†  19.7 ± 4.9 17.5 ±  3.85† 

[HHb+Mb]ee, (たM)  29.1 ±  8.7 29.0 ± 9.0  25.9 ± 5.1 27.4 ±  5.0 

[HHb+Mb]amp (たM)  7.5 ± 3.6 10.7 ± 6.0†  5.4 ± 2.8 8.9 ± 4.0† 

TD-[HHb+Mb] (s)  8 ± 2 5 ± 4†  8 ± 3 3 ± 2† 

k[HH +M ] ( )  11 ± 3 15 ± 4†  9 ± 3 18 ± 4† 

k'[HH +M ] ( )  19 ± 3 20 ± 4  17 ± 4 21 ± 2†  

C95 (s)  2 ± 1 2 ± 1  3 ± 1 2 ± 1 

  3 

           m  n ±      砦  2p, pulmonary O2          砦  2pbsl,      in   砦  2p   砦  2pss, steady-state  砦  2p; Ap,  m  i         砦  2p      n      , 4 

 im         k 砦  2p,  im    n   n       砦  2p response; C95,  5    n i  n   in           k 砦  2p; G,   n  i n     in (∆ 砦  2p/∆WR)  [HH +Mb], 5 

deoxyhemoglobin+myoglobin concentration; [HHb+Mb]bsl, baseline  [HHb+Mb]; [HHb+Mb]ee, end-exercise [HHb+Mb]; [HHb+Mb]amp, 6 

amplitude of [HHb+Mb]; TD-[HHb+Mb], time delay of [HHb+Mb]  k[HH +Mb], time constant for [HHb+Mb] response; k’[HH +M ], 7 

effective time constant (k + TD) for [HHb+Mb]; C95,  5    n i  n   in           k[HH +Mb]. 8 

* difference from FAST (p < 0.05) 9 

†  i     n      m M    (p < 0.05) 10 

Table



Table 2.  砦  2p kinetic parameters for lower step (LS) and upper steps (US, HUS) moderate-intensity exercise transitions 
 

 FAST (n=6) SLOW (n=8) 

Parameter LS US HUS  LS US HUS  

2pOV bsl (L·min-1) 0.82 ± 0.09 1.30 ± 0.25a 1.47 ± 0.24a 0.81 ± 0.10 1.32 ± 0.17a 1.47 ± 0.14a† 

2pOV ss, (L·min-1) 1.31 ± 0.23 1.86 ± 0.43a 1.96 ± 0.38a 1.30 ± 0.17 1.91 ± 0.25a 1.93 ± 0.23a 

Ap, (L·min-1) 0.49 ± 0.18 0.56 ± 0.19a 0.49 ± 0.17 0.48 ± 0.13 0.59 ± 0.09a 0.45 ± 0.10 

TD (s) 15 ± 2 6 ± 4a 8 ± 8 13 ± 3 6 ± 6a 10 ± 7 

k
2pOV (s) 19 ± 4 30 ± 4a 30 ± 5a 25 ± 5 40 ± 11a* 28 ± 8† 

C95 (s) 7 ± 2 7 ± 2 7 ± 2 7 ± 1 7 ± 2 7 ± 2 

G (mL·min-1·W-1) 8.8 ± 1.4 10.1 ± 1.1a 8 8 ± 0  † 8.8 ± 1.5 10.9 ± 1.3a 8 3 ± 0 6† 

O2 deficit (mL) 273 ± 80 338 ± 135a  300 ±  3† 300 ± 53 441 ± 116 a 288 ±  0 † 

 
Values are means ± SD. LS, lower step; US, upper step; HUS, upper step following heavy-intensity;  砦  2p, pulmonary O2 uptake; 

 砦  2pbsl, baseline  砦  2p;  砦  2pss, steady-state  砦  2p; Ap, amplitude of  砦  2p      n      ,  im         k 砦  2p, time constant for  砦  2p 

response; C95,  5    n i  n   in           k 砦  2p; G,   n  i n     in (∆ 砦  2p/∆WR)   
a difference from LS (p<0.05) 

* difference from the Fast group (p<0.05)  

†  i     n      m U  ( <0 05) 

 

 
 
 



Table 3. Muscle de-oxygenation ([HHb+Mb]) kinetic parameters for lower step (LS) and upper step (US, HUS) moderate-intensity 
exercise transitions 
 

 

 FAST (n=6) SLOW (n=8) 

Parameter LS US HUS  LS US HUS  

[HHb+Mb]bsl (たM) 22.0 ± 6.1 26.8 ± 8.5a 23.8 ± 6.7 a 19.7 ± 3.5 22.5 ± 4.8a 22.8 ± 5.2 a 

[HHb+Mb]ee (たM) 26.1 ± 8.9 31.1 ± 11.0a 29.0 ±10.4a 22.8 ± 4.7 25.9 ± 6.2a 27.8 ± 8.1 a 

[HHb+Mbamp (たM) 3.9 ± 2.5 4.2 ± 2.0 5.5 ± 3.3 a† 3.1 ± 1.4 2.9 ± 1.4 5.0 ± 2.9 a† 

TD-[HHb+Mb] (s) 13 ± 5 5 ± 3a 5 ± 3a 12 ± 3 7 ± 5a 4 ± 2a 

k[HH +M ] ( ) 8 ± 2 21 ± 5a 19 ± 9 a 10 ± 4 14 ± 5a* 24 ± 7 a† 

k’[HH +M ] ( ) 21 ± 3 26 ± 5  24 ± 9 22 ± 4 21 ± 6 28 ± 8a† 

C95 (s) 4 ± 1 4 ± 1 3 ± 2 4 ± 1 4 ± 2 3 ± 2 

 
Values are means ± SD. LS, lower step; US upper step; HUS, upper step following heavy-intensity; [HHb+Mb], 

deoxyhemoglobin+myoglobin concentration; [HHb+Mb]bsl, baseline  [HHb+Mb]; [HHb+Mb]ee, end-exercise [HHb+Mb]; 

[HHb+Mb]amp, amplitude of [HHb+Mb]; TD-[HHb+Mb], time delay for [HHb+Mb]  k[HH +Mb], time constant for [HHb+Mb] 

response; k’[HHb+Mb],       i    im    n   n  (k +   ) for [HHb+Mb]; C95, 95% confidence interval     k[HH +Mb].  
a difference from LS (p<0.05) 

* difference from the Fast group (p<0.05) 

†  i     n      m U  ( <0 05) 
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