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Abstract 

The dose and timing of post-exercise protein ingestion can influence WBPB in adults, 

although comparable data from children are scarce. This study investigated how protein intake 

(both, amount and distribution) post-exercise can affect WBPB in physically active children. 

Thirty-five children (26 males; 9-13 years old) underwent a 5-d adaptation diet consuming 0.95 g 

protein·kg
-1

·d
-1

. To assess whole body protein kinetics over 6h and 24h of recovery, participants 

consumed 2 mg·kg
-1

 [
15

N]glycine before performing 3 × 20-min of variable intensity cycling. 

Fifteen grams of protein was distributed across 2 isoenergetic carbohydrate-containing beverages 

(i.e. 15 and 240 min post-exercise) containing reciprocal amounts of protein [i.e., 0 + 15 g, 5 + 

10 g, 10 + 5 g and 15 + 0 g for Groups A-D, respectively]. Over the 6-h that included the 

exercise bout and the first beverage at 15 min post-exercise, WBPB (i.e. synthesis – breakdown) 

demonstrated a linear increase of 0.647 g·kg
-1

·d
-1

 per 1 g protein intake (P < 0.001). Over 24h, 

robust regression revealed that WBPB was best modeled by a parabola (P < 0.05), suggesting 

that a maximum in WBPB was achieved between groups B and C.  . In conclusion, despite a 

dose-response early in recovery, a periodized protein intake with multiple smaller doses after 

physical activity may be more beneficial than a single bolus dose in promoting daily WBPB in 

healthy active children.  

 

Key Words: protein metabolism, protein distribution, physical activity, adolescents, youth, 

growth, muscle, lean body mass  
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Introduction 

Two important contributors to physical growth and development during childhood are 

proper nutrition (Rodriguez 2005) and physical activity (Tobias et al. 2007).  Provided energy 

needs are met, dietary protein, in particular, plays an important role in physical growth and 

development in children as it provides the substrates to support the remodeling and growth of 

lean tissues such as muscle and bone (Rodriguez 2005).  Normal somatic growth in children is 

generally associated with more rapid rates of tissue remodeling and whole body protein turnover 

(i.e. protein synthesis and protein breakdown) than in adults (Duggleby and Waterlow 2005). In 

addition, physically active children have been reported to display a greater lean mass 

development than their sedentary peers (Baxter-Jones et al. 2008), which would ultimately be 

supported by adequate energy and protein intake and underpinned by enhancements in whole 

body net protein balance (WBPB; the algebraic difference between synthesis and breakdown).  

Despite the importance of dietary protein to support normal growth in active youth and its well-

known ability to enhance exercise-induced increases in muscle and whole body protein balance 

in adults (Rasmussen et al. 2000, Levenhagen et al. 2002, Moore et al. 2009), we currently know 

very little about the potential interacting effects of exercise and protein ingestion during 

childhood. 

We have recently demonstrated that post-exercise protein ingestion enhances whole body 

anabolism in healthy, active children (Volterman et al. 2014, 2017, Moore et al. 2014). 

Specifically, we showed that post-exercise protein ingestion induced a dose-dependent increase 

in WBPB (determined by oral [
15

N]glycine) over 9 h following a single bout of cycling exercise 

(Moore et al. 2014), which we recently confirmed with a primed constant [
13

C]leucine infusion 

over a 3-h recovery period (Volterman et al. 2017). Despite the early dose-response, an intake of 
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~13 g (or ~0.32 g·kg
-1

) of protein immediately following exercise was required to maintain a 

positive WBPB over an entire 24-h period. However, the post-exercise protein intake in our 

previous study was additive to the daily intake, which resulted in differences in 24-h protein 

ingestion (Moore et al. 2014). As such, it is not clear if there was a potential synergy between 

exercise and protein ingestion or if the greater WBPB observed following the consumption of 

~13 g (but not ~7 or 0 g) of protein was merely a reflection of the greater protein intake (i.e. by 

~0.32 g·kg
-1

) over the entire 24-h period (Boisseau et al. 2005). Moreover, the relative 

importance of consuming protein immediately after exercise versus at any point throughout the 

day could not be delineated from this study. Therefore, while recent studies have demonstrated 

that consuming protein after exercise in children may enhance WBPB over 9 to 24 h of recovery 

(Volterman et al. 2014, Moore et al. 2014), the importance of the post-exercise time period per 

se for protein consumption requires further study. 

It is well-known in adults that protein ingestion is required to support maximal rates of 

protein synthesis and to induce anabolism after exercise (Tipton and Phillips 2013). The 

importance of protein ingestion during this immediate post-exercise period may be supported by 

the observation that muscle and whole body anabolism is attenuated when protein ingestions is 

delayed by up to 3h after endurance exercise (Levenhagen et al. 2001), which may be similar to 

the exercise modality that children typically engage in (Faucette et al. 1995). In contrast, 

although the increase in muscle protein synthesis and net balance with post-exercise amino acid 

ingestion is additive to the 24h response (Tipton et al. 2003), muscle hypertrophy (i.e. adult 

“growth”) with resistance training is not consistently greater with protein ingestion immediately 

before/after exercise as compared to at other times throughout the day (Schoenfeld et al. 2013). 

This may be due to the ability of resistance exercise to enhance muscle anabolism for up to 24h 
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(Rasmussen et al. 2000, Burd et al. 2011). Recent acute studies have demonstrated that repeated 

ingestion of moderate (i.e. 20 g or ~0.25 g·kg
-1

 in adults) protein doses may be optimal to 

support post-exercise muscle remodeling and WBPB over a prolonged (i.e. 12-h) recovery period 

(Moore et al. 2012, Areta et al. 2013). Thus, the pattern and not just the timing of protein intake 

outside of the early recovery period may be as (if not more) important to enhance net “growth” 

in exercising adults. We recently demonstrated that whole body leucine balance over 3h of 

recovery increases in a dose-dependent manner in healthy children (Volterman et al. 2017). 

Therefore, as a secondary objective to our previous study (Volterman et al. 2017), we examined 

whether the timing (i.e., immediate vs. delayed) and distribution (i.e., single or repeated doses) 

of protein intake in relation to an acute bout of exercise influenced WBPB and nitrogen balance 

(NBAL) in healthy, active children consuming isonitrogenous diets.  

 

Materials and methods 

 Participants.  The present study is part of a separate study that investigated the effects of 

an acute single meal intake on whole body LeuBAL and, therefore, involved the same participants 

(as previously described (Volterman et al. 2017)). However, compared to the previous study that 

investigated the effect of a single beverage over a 3-h post-exercise recovery period, the present 

study aimed to determine as a secondary outcome if the pattern of single protein intakes 

influenced whole body protein metabolism over more prolonged recovery periods when provided 

within isonitrogenous diets. Briefly, 36 children (26 males, 10 females) volunteered to 

participate in the study; one female participant withdrew from the study prior to completion due 

to a refusal to eat the required controlled study diet. All participants were healthy and 

recreationally active as determined by medical and activity questionnaire.  Additional inclusion 
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criteria required participants to be free of any existing medical condition, between the ages of 9 

to 13 years, within 2 years from peak height velocity (YPHV), and have a minimum aerobic 

fitness of 35 ml·kg
-1

·min
-1

 as assessed by the McMaster All-Out Progressive Continuous Cycling 

Protocol (see below).  Participants were excluded based on the following criteria: current use of 

medication, food allergy to milk proteins (e.g., whey or casein), and current participation or 

having participated in another nutritional-clinical trial within 2 months of the current study.  This 

study was approved by the Faculty of Health Sciences/Hamilton Health Sciences Research 

Ethics Board.  Each participant provided written informed assent and written informed consent 

was obtained from each parent prior to enrolment in the study.  

 General overview.  Participants were enrolled in the study for a total duration of ~3 

weeks whereby they reported to the laboratory on 3 separate occasions: a preliminary visit, a 

familiarization visit, and an exercise intervention visit.  Participants were first provided with a 5-

day energy and macronutrient-matched controlled diet to allow their body to adapt to a protein 

intake of 0.95 g protein·kg
-1

·d
-1

 
 
(the DRI for protein (Institute of Medicine 2002)). Following 

this adaptation phase, participants completed the intervention phase. The intervention visits were 

conducted in a randomized, double-blind, parallel four group design. During the exercise 

intervention visit, participants continued to consume the controlled diet but also performed a 

bout of exercise in the morning. Participants orally ingested an isoenergetic bovine skim milk-

based protein and carbohydrate (sucrose) beverage containing a variable amount of protein 

immediately after exercise. A second protein beverage was consumed 4 h after exercise and 

contained a reciprocal amount of protein to a total of 15 g of protein across both beverages (see 

below for details). Participants ingested an oral [
15

N]glycine tracer the morning of the exercise 

intervention day and collected all urine over the subsequent 6-h and 24-h periods to measure 
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protein kinetics over 6 h and 24 h, and NBAL over 24h. The 6-h period was included to assess 

changes in protein kinetics after the ingestion of a single beverage, whereas the 24-h period 

provided estimates over an entire day (i.e. 2 beverages with the controlled diet). 

 Preliminary visit.  Participants completed a preliminary session during which height 

(Harpenden wall-mounted Stadiometer), body mass (BWB-800, Tanita Corp., Japan), percent 

body fat (% BF) and lean body mass (InBody520 bioelectrical impedance analyzer; Biospace 

Co., California, USA for both), body mass index (BMI), chronological age and maturity offset 

were determined.  Maturity offset was calculated as YPHV (Mirwald et al. 2002).  To measure 

aerobic fitness, peak oxygen uptake (VO2peak) was then assessed on a cycle ergometer (Lode 

Corival, The Netherlands), as previously described (Timmons et al. 2006).  Participants 

performed each of their subsequent exercise sessions on the same cycle ergometer as their 

aerobic fitness test.  Physical characteristics of the participants are described elsewhere 

(Volterman et al. 2017). 

Familiarization visit.  The purpose of this visit was to: 1) determine individual resting 

metabolic rate (RMR); 2) familiarize the participants with the exercise protocol and equipment; 

3) confirm appropriate exercise intensities; and 4) ensure participants could successfully 

complete the exercise. Participants reported to the lab (~07:30h) in an overnight fasted condition. 

Participants then rested in a quiet room for 10-min while individual RMR was assessed using a 

calibrated metabolic cart (Vmax 29, SensorMedics, Yorba Linda, CA, U.S.A.) and an 

appropriately sized canopy. Participants then consumed a small liquid meal (Boost Meal 

Replacement, Nestle Canada Inc., North York, Ont. Canada) as a light breakfast as well as a 

minimum of 5 ml·kg
-1

 of water and rested comfortably for 1 h prior to beginning the exercise 

protocol (using the same exercise as during the exercise intervention visit, described below). To 
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characterize habitual physical activity levels, participants were then asked to wear an 

accelerometer (ActiGraph GT1M or GT3X; AtiGraph, Pensacola, Florida) for 3 days.  Data were 

analyzed using a custom-made Microsoft Excel-based Visual Basic data reduction program 

(Microsoft Corp, Redmond, Washington) to assess total and moderate-to-vigorous physical 

activity (MVPA) levels, as previously reported (Obeid et al. 2014) using the cut points developed 

by Evenson et al. (Evenson et al. 2008).  

Exercise intervention visit.  For an overview of the exercise intervention visit, see 

Figure 1.  Participants reported to the laboratory (~07:30h) after an overnight fast and provided a 

spot urine sample prior to voiding their bladders. Following the spot urine sample, participants 

consumed a small breakfast consisting of ~24% and ~22% of total daily energy and protein 

intake (see below for details), respectively. In addition, at least 5 ml·kg
-1

 body weight of water 

was consumed that included 2 mg·kg
-1

 body weight of [
15

N]glycine to determine whole body 

protein kinetics (see below for details).  Participants then began the exercise protocol, which 

consisted of 3 blocks of 20-min of exercise separated by 5-min of rest between blocks.  Each 

exercise block consisted of 20-min of cycling at 50% of their previously determined VO2peak, 

with 10-s sprints at the workload corresponding to 100% VO2peak interspersed every 110-s 

between min 5 and 15 of exercise. This variable intensity exercise was selected to more closely 

model the intermittent and sporadic nature of child play (Bailey et al. 1995, Welk et al. 2000, 

Trost 2001, Epstein et al. 2001).  Body weight was measured prior to exercise and during the rest 

period between exercise blocks and participants were provided with water to consume ad libitum 

to ensure adequate hydration (i.e., 100 g body weight change = 100 mL fluid).   

Upon completing the exercise, participants were provided with the first assigned 

experimental beverage were instructed to consume it within 5-min. Participants then rested 
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comfortably in a seated position in the lab for 225 min (i.e. 240 min after exercise) and collected 

all urine up to this point, which served as the 6-h recovery period.  Participants then consumed 

the second experimental beverage containing the reciprocal amount of protein (see below for 

details) within 5-min. Participants were provided with a pre-packaged controlled diet and were 

permitted to return home. Participants were instructed to maintain habitual levels of physical 

activity and collected all urine until the following morning (see below for details), which served 

as the 24-h recovery period.  

Beverages.  All beverages were prepared by dissolving the powders provided by Nestec 

Ltd containing different ratios of carbohydrate and protein. Beverages were reconstituted in 

deionized water to a fixed volume of 250 mL the evening prior to the trials and kept chilled at 4 

°C until ingestion. The first beverage (15 min post-exercise) contained 0 g (Group A), 5 g 

(Group B), 10 g (Group C), or 15 g (Group D) of bovine skim milk protein (subsequently 

containing both whey and casein protein fractions in a ratio ~1:4, respectively) with variable 

carbohydrate (sucrose) to provide (~140 kcal). The second beverage (240 min post-exercise) 

provided a reciprocal amount of protein (i.e. 15 g, 10 g, 5 g and 0 g protein in Groups A-D, 

respectively) and carbohydrates to the first beverage. Therefore, all groups received a total of 

15g of protein and 55g of carbohydrate (~280 kcal) over the 240-min post-exercise period.  

 Controlled diet.  During the adaptation and intervention phases of the trial, participants 

were provided with a controlled diet providing 0.95 g protein·kg
-1

·d
-1

. Energy intake was 

calculated using the habitual activity levels of each participant (measured by accelerometer) and 

was varied throughout the trial to ensure energy balance was approximately neutral. For dietary 

compliance, all food was provided to the participants at their home in prepackaged containers for 

each day of the study and participants/guardians confirmed the ingestion of each food item 
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during the day by selecting the item from a provided checklist upon eating.  

Participants/guardians were instructed that no food or drink (except water) other than what was 

provided was to be ingested during the controlled diet period. All food containers were kept and 

returned to the laboratory to ensure consumption, and any food item that was uneaten during the 

controlled diet period (and subsequently returned) was recorded and its nitrogen content was 

subtracted from the daily nitrogen intake.  

Urine samples. A fasted spot urine sample was collected and subsequently analyzed for 

background [
15

N]urea and ammonia enrichment. Any urine produced while in the laboratory up 

to the second beverage (i.e., 240 min of recovery) was collected into a labeled container and 

pooled. Three 3ml aliquots were subsequently frozen at -80ºC prior to the determination of 

metabolite concentrations and isotopic enrichment for the 6-h recovery period. After storing the 

6-h aliquots, the remaining 6-h urine was stored at 4°C until the following day.  Upon leaving the 

laboratory, each participant was provided with a 4 L container to collect all urine produced 

during the remainder of the day until the first urination the following morning (inclusive), and 

instructed to store it at 4 °C; this urine was then pooled with the urine collected during the 6-h in-

lab period and three 3ml aliquots were frozen at -80ºC prior to analysis for the 24-h recovery 

period. The concentration of the major nitrogen-containing metabolites urea and creatinine were 

determined colorimetrically by commercially available kits (Quantichrom, Bioassay Systems, 

USA), as an estimate of urinary nitrogen excretion (NEX).  Total nitrogen intake (NIN) and NEX 

[using previously published values of fecal and miscellaneous nitrogen losses for children 

consuming a 1.2 g protein·kg
-1

·d
-1

 diet (Gattas et al. 1990)] were used to calculate nitrogen 

balance (NBAL = NIN - NEX) over the 24-h recovery period.  In addition, the [
15

N]-enrichments 

(i.e. ratio of tracer:trace; t:Tr) of urinary ammonia (baseline, 6 h, and 24 h) and urea (baseline 
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and 24 h) were determined in duplicate by isotope ratio mass spectrometry by Metabolic 

Solutions Incorporated (Nashua, New Hampshire, USA) to determine whole body nitrogen 

turnover (Q), protein synthesis (S), protein breakdown (B) and net protein balance (WBPB), as 

previously described (Moore et al. 2014). Protein kinetics over 6 h were assessed using the 

[
15

N]ammonia end-product approach whereas 24-h protein kinetics were calculated using both 

the [
15

N]ammonia end-product as well as the harmonic mean of [
15

N]ammonia and [
15

N]urea 

end-product enrichment. This approach was taken as ammonia nitrogen turnover is more rapid 

and therefore can be used to determine Q over both short (6-9h) and long (24h) measurement 

periods (Grove and Jackson 1995). In contrast, urea nitrogen turnover requires greater durations 

(up to 24h) for adequate tracer excretion (Grove and Jackson 1995). Given the differences in 

rates of nitrogen turnover in ammonia and urea body pools, and it has been suggested that the 

harmonic mean may provide a more robust estimate of Q over a 24 h period with a single oral 

tracer dose (Fern et al. 1985). Thus, while providing qualitatively similar estimates over 24 h 

there may be subtle quantitative differences between 24h rates of Q (and thus S and B) when 

utilizing urinary ammonia enrichment only or the harmonic mean of ammonia and urea (Grove 

and Jackson 1995).  

Statistics. Outliers were visually identified, and we thus used robust regression analyses 

to take the outliers into account. Outcome variables which were apparently not affected by 

outliers were analyzed by classical regression techniques. Therefore, group differences in the 

controlled diet, habitual physical activity, and the diet on the exercise intervention day were 

examined using a one-way ANOVA (group).  Whole body Q, S, B and WBPB measured over 6 

h and over 24 h were analyzed by robust regression (lmrob, library robustbase in R), where 

protein intake was used as the explanatory variable. To determine if 6-h WBPB, 24-h WBPB and 
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24-h NBAL were significantly different from zero, a one sample t-test was performed for each 

group. All statistical analyses aside from the robust regressions were performed using SPSS 

Statistics Version 20.0. Statistical significance was set at P ≤ 0.05 and all data are expressed as 

mean ± SD unless otherwise indicated.  

 

Results 

Habitual physical activity. Total habitual physical activity from the 3-day accelerometer 

was 225.4 ± 47.0, 212.3 ± 69.0, 187.3 ± 68.5, and 206.8 ± 57.3 min·d
-1

 for Groups A-D, 

respectively. Total habitual physical activity did not differ between groups (P = 0.74). Habitual 

MVPA from the 3-day accelerometer was 74.0 ± 30.9, 71.5 ± 28.4, 47.2 ± 25.3, 58.7 ± 24.5 

min·d
-1

 for Groups A-D, respectively. There were no group differences for MVPA (P = 0.27).  

Macronutrient intake. The macronutrient intake across the 5-day adaptation period did 

not differ between experimental groups, and has been presented previously (Volterman et al. 

2017). There were no group differences with respect to their diet on the intervention day (see 

Table 1).   

Beverage protein intake.  The relative protein intake for beverage 1 was 0, 0.12 ± 0.02, 

0.22 ± 0.04, and 0.33 ± 0.08 g protein·kg
-1

 for Groups A-D, respectively.  The relative protein 

intake for beverage 2 was 0.37 ± 0.08, 0.24 ± 0.05, 0.11 ± 0.02, and 0 g·kg
-1

 for Groups A-D, 

respectively.  Total protein intake from both beverages was 0.35 ± 0.07 g·kg
-1

 with no significant 

difference between groups (P = 0.56).      

Whole body 6-h protein metabolism by [
15
N]ammonia end product enrichment. Whole 

body Q, S, and B calculated by the [
15

N]ammonia end product enrichment are presented in Table 

2. Analysis of Q, S, and B by robust regression revealed no significant relationship across 
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groups. Analysis of the 6-h WBPB by robust regression is presented in Figure 2. A significant 

linear term suggest a dose response with incremental protein intakes (∆ between groups = 0.647 

mg/kg/h, CI: 0.158 to 4.09 mg/kg/h, p = 0.0003). At 6 h, WBPB was greater than zero for 

Groups C and D (P < 0.01 for both), not different from zero in Group B (P = 0.40), and tended to 

be less than zero for Group A (P = 0.09). 

Whole body 24-h protein metabolism by harmonic mean of [
15
N]ammonia and 

[
15
N]urea end product enrichment. Whole body Q, S, and B calculated by the harmonic mean of 

urinary [
15

N]ammonia and [
15

N]urea are presented in Table 3. Analysis of Q, S, and B by robust 

regression revealed no significant relationship across groups.Analysis of WBPB over 24 h by 

robust regression is presented in Figure 3. A rise and fall of WBPB over 24 h that was 

dependent on the distribution of protein post-exercise was observed and could subsequently be 

modelled by a parabola which in of itself was significant (p = 0.045). Moreover, the parabola 

suggests a maximum in WBPB is achieved by spreading the doses between groups B and C. 

Therefore, the quadratic curvature suggests that multiple smaller feedings result in a greater 

WBPB than single feedings. Individual group means were not statistically significantly different 

from zero,  although removal of outliers (see Figure 3) resulted in a tendency for WBPB to be 

greater than zero in Group B (P = 0.06).   

Whole body 24-h NBAL. At 24 h, the median and interquartile ranges for NBAL separated 

by group were: Group A, -0.01 [-2.50, 2.27]; Group B, 1.47 [-0.65, 3.56]; Group C, 1.12 [-0.20, 

2.23]; Group D, -0.10 [-4.41, 1.03]. 24-h NBAL was not significantly different from zero for 

Group A (P = 0.70), Group B (P = 0.90), or Group D (P = 0.28), but was greater than zero for 

Group C (P = 0.04). Removal of outliers resulted in NBAL being greater than zero for Group B (P 

= 0.04).  
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Discussion 

Similar to our previous work (Moore et al. 2014, Volterman et al. 2017), we demonstrate 

that WBPB displays an ingested protein dose-response during the early acute recovery period. 

However, the present study extends on our previous work by demonstrating that the pattern of 

protein ingestion and not just the absolute amount throughout the day can influence the extent of 

whole body net anabolism over an extended 24-h period. Specifically, the ingestion of two 

moderate (i.e. 5-10 g or ~0.12-0.22 g·kg
-1

) bolus protein intakes generally supported a greater 

whole body net anabolism (i.e., WBPB) compared to a single 15 g (~0.33 g·kg
-1

) protein dose 

consumed either immediately or 4 h after exercise. These data generally support the emerging 

focus on multiple protein feedings throughout the day as a means to maximize post-exercise 

recovery in adults (Thomas et al. 2016).  

During the acute 6-h exercise and recovery period, we demonstrated that the amount of 

ingested protein had no effect on whole body protein synthesis or protein breakdown, which is 

consistent with our previous research in children utilizing an identical oral tracer (Moore et al. 

2014) and is ultimately related to the differences in protein intake within the first beverage. As 

we have speculated previously (Moore et al. 2014), this lack of effect on tracer-derived rates of 

protein turnover may be related in part to the sensitivity and/or time resolution of our oral tracer 

and/or to the relatively small differences in protein intake (i.e. ~0.1-0.33 g·kg
-1

) between 

conditions. In potential support, we observed subtle differences in estimates of whole body 

protein synthesis but not protein breakdown over 3-h with a primed constant leucine infusion, 

which is likely related to its generally greater precision and time resolution compared to present 

oral tracer methodology (Volterman et al. 2017). Nevertheless, utilizing non-invasive 
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methodology over longer recovery times, our studies (present and Moore et al. 2014) may 

alternatively suggest that the relatively high rates of protein synthesis and breakdown that are 

characteristic of growing children (Grove and Jackson 1995) may only need to be minimally 

(and perhaps unperceptively by current oral stable isotope methodology) altered before 

translating into potentially meaningful differences in net protein balance. This may be reflected 

in the dose-dependent increase in WBPB in the present study over 6 h (including a 2 h pre and 

during exercise period) that generally aligns with similar observations over 9 h of recovery 

(Moore et al. 2014). Although the linear dose-dependent differences in WBPB herein generally 

align with our recent characterization of whole body leucine balance (Volterman et al. 2017), we 

speculate that the present results would likely represent an overestimate of true net protein 

balance as the relatively short (i.e. 4 h) postprandial period may have precluded the ability to 

capture the complete nitrogen excretion from the single protein ingestion. Nevertheless, similar 

to our previous observations (Volterman et al. 2014, Moore et al. 2014), as well as those in 

adults (Levenhagen et al. 2002), post-exercise protein ingestion over the acute 6 h exercise and 

recovery period enhances WBPB in active children.  

There was no effect of timing or distribution of post-exercise protein intake on 24 h 

whole body protein synthesis or breakdown, which is consistent with our previous study over a 

similar duration (Moore et al. 2014). It is perhaps not altogether surprising that there were no 

differences between conditions for 24 h protein synthesis/breakdown given that both relative 

protein intake and total energy intake, which are the primary variables that would be expected to 

influence daily rates of protein turnover and nitrogen retention (Garlick et al. 1991), were similar 

between conditions across the 24-h period. Nevertheless, as suggested earlier even small 

differences in protein synthesis/breakdown could translate into differences in WBPB. Thus, 
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despite similar daily protein intakes, WBPB in the present study differed between groups when 

the distribution of protein intake was manipulated. We have previously demonstrated that the 

consumption of 13 g (~0.32 g·kg body weight
-1

), but not 7 g (~0.18 g·kg body weight
-1

), of 

protein immediately following an acute bout of aerobic exercise was sufficient to induce a 

positive 24-h WBPB in healthy children (Moore et al. 2014). However, the main limitation with 

our previous study was that total daily protein intake was not controlled (Moore et al. 2014), 

which precluded our ability to determine if the greater WBPB was specifically resulting from the 

post-exercise consumption of ~0.32 g protein·kg body weight
-1

 independently of the higher daily 

protein intake. By providing all groups with an identical total protein content from the 

experimental beverages (i.e. ~0.35 g·kg body weight
-1

 over 4 h after exercise) and total daily 

protein intake (i.e. ~1.20 g·kg body weight
-1

·d
-1

), the present study demonstrated that the timing 

and pattern of protein ingestion, and not just the total daily amount, can affect 24-h WBPB.  

It has previously been predicted that protein deposition needs for healthy physical growth 

and development in 12 year-old children (male and female) is ~0.04 g·kg body weight
-1

·d
-1

 

(World Health Organization et al. 2007), which is less than the positive protein balance observed 

in the two conditions (Groups B and C) that received repeated protein feedings in the post-

exercise period. This apparent discrepancy may be related in part to the practical difficulty in 

determining all routes of nitrogen loss in acute metabolic studies (Tomé and Bos 2000) and our 

reliance on urinary nitrogen excretion and predicted miscellaneous losses, which collectively 

may have led to a slight overestimation of the true net protein balance. However, the magnitude 

of differences between groups in the present study (i.e. means of -0.27 to +0.22g/kg/d) is similar 

to the range in our previous study using identical methodology but with different daily protein 

intakes in active children (-0.03 to +0.21g/kg/d) (Moore et al. 2014). Nevertheless, any potential 
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systematic underestimation of nitrogen excretion would have been consistent across all 

conditions and would not invalidate our observation of a relatively greater WBPB with repeated 

protein feedings. In fact, the present observation that the pattern (and not just the quantity) of 

protein ingestion can influence nitrogen retention and WBPB is not without precedence in 

children (Barja et al. 1972) or in adults at rest (Leverton and Gram 1949) or after exercise 

(Moore et al. 2012).  

In summary, our results are generally consistent with current recommendations in adults 

that frequent protein feedings after exercise may optimize post-exercise recovery (Thomas et al. 

2016). Specifically, we demonstrate that a periodized protein intake with multiple smaller doses 

of 5-10 g of protein during post-exercise recovery may be more beneficial than a single bolus 

dose in promoting a daily net positive WBPB in healthy physically active children. Inasmuch as 

a positive net protein balance is a requisite for growth, our results may suggest that active 

children, who have greater lean mass than their sedentary peers (Baxter-Jones et al. 2008), may 

benefit from periodized protein ingestion that favours repeated moderate protein intakes during 

recovery from exercise. Future studies should determine whether the present acute response is 

additive to the normal daily net protein balance beyond a single 24-h period as a means to 

support optimal growth and development with an active lifestyle.  
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Table 1.  Macronutrient intake on the exercise intervention day. 

 Group A Group B Group C Group D P-value 

 (n = 10)  (n = 8)  (n = 9)  (n = 8)  

Energy (kcal) 1961±404 1883±325 2053±303 2076±475 0.72 

Energy (kcal·kg
-1

) 43.3±7.9 44.3±6.0 41.3±5.0 42.7±6.2 0.81 

Protein (g) 38.7±9.8 37.3±9.4 43.5±9.6 43.9±15.0 0.52 

Protein (g·kg
-1

) 0.8±0.1 0.9±0.1 0.9±0.1 0.8±0.2 0.54 

CHO (g) 354.4±64.6 303.8±102.3 344.1±56.7 361.4±65.6 0.40 

CHO (g·kg
-1

) 8.0±1.5 7.2±2.4 7.1±0.8 7.5±1.4 0.66 

Fat (g) 52.2±17.0 55.4±17.2 64.8±8.4 60.3±21.8 0.39 

Fat (g·kg
-1

) 1.1±0.3 1.3±0.3 1.2±0.4 1.2±0.3 0.65 

Note: Values are means ± SD. CHO, carbohydrate.  Group A, 0 g + 15 g; Group B, 5 g + 10 g; 

Group C, 10 g + 5 g; Group D, 15 g + 0 g. 
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Table 2. 6-h whole body protein metabolism.  

 Group A Group B Group C Group D 

 (n = 10)  (n = 8)  (n = 9)  (n = 8) 

Q (g N·kg
-1

·d
-1

) 

0.38 0.35 0.27 0.32 

[0.24, 1.17] [0.22, 0.49] [0.24, 0.32] [0.23, 0.58] 

S (g·kg
-1

·d
-1

) 

1.99 1.82 1.31 1.56 

[1.24, 6.92] [0.88, 2.80] [1.17, 1.70] [1.12, 3.19] 

B (g·kg
-1

·d
-1

) 

2.21 2.03 1.29 1.40 

[1.25, 7.06] [0.99, 2.77] [1.01, 1.50] [0.85, 2.94] 

Note: Values are median [interquartile range]. B, protein breakdown; Q, whole body nitrogen 

turnover; S, protein synthesis. Group A, 0 g + 15 g; Group B, 5 g + 10 g; Group C, 10 g + 5 g; 

Group D, 15 g + 0 g.   
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Table 3. 24-h whole body protein metabolism.  

 Group A Group B Group C Group D 

 (n = 10)  (n = 8)  (n = 9)  (n = 8) 

Q (g N·kg
-1

·d
-1

) 

0.64 0.65 0.63 0.68 

[0.57, 1.09] [0.44, 1.48] [0.52, 0.90] [0.52, 1.10] 

S (g·kg
-1

·d
-1

) 

2.79 3.07 3.39 2.74 

[2.33, 5.17] [1.93, 8.02] [2.16, 4.59] [2.20, 5.14] 

B (g·kg
-1

·d
-1

) 

2.67 2.86 2.69 3.10 

[2.30, 5.72] [1.44, 7.88] [2.04, 4.43] [2.07, 5.61] 

Note: Values are median [interquartile range]. B, protein breakdown; Q, whole body nitrogen 

turnover; S, protein synthesis. Group A, 0 g + 15 g; Group B, 5 g + 10 g; Group C, 10 g + 5 g; 

Group D, 15 g + 0 g.  
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Figure captions. 

 

Figure 1. General overview of exercise intervention visit.  

 

Figure 2. Whole body protein balance (WBPB) over 6 h calculated using the [
15

N]ammonia end-

product method expressed relative to body mass. Group A (n =10), 0 g + 15 g; Group B (n = 8), 

5 g + 10 g; Group C (n = 9), 10 g + 5 g; Group D (n = 8), 15 g + 0 g. Boxplot demonstrates 

median value and interquartile range, with whiskers demonstrating minimum and maximum 

values. *, Significant difference from zero (P < 0.05). †, Trend for significance from zero (P = 

0.09). The solid line demonstrates the predictive values analyzed by robust regression. The small 

open circles represent outlying data points.  

 

Figure 3. Whole body protein balance (WBPB) over 24 h calculated using the harmonic mean of  

[
15

N]ammonia and [
15

N]urea expressed relative to body mass. Group A (n =10), 0 g + 15 g; 

Group B (n = 8), 5 g + 10 g; Group C (n = 9), 10 g + 5 g; Group D (n = 8), 15 g + 0 g. Boxplot 

demonstrates median value and interquartile range, with whiskers demonstrating minimum and 

maximum values. #, Trend for significant difference from zero when outlier removed (P = 0.06). 

The solid line demonstrates the predicted values modeled by an orthogonal polynom of the 

second order analyzed by robust regression. The small open circles represent outlying data 

points.  
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