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Abstract 38 

Research on world-class athletes in endurance events, such as cycling Grand Tours, has reported 39 
extreme levels of total energy expenditure. However, it has been argued that over extended periods, 40 
such as months, sustained energy expenditure is capped at approximately 2.5 times the basal 41 
metabolic rate. Triathlon is particularly notable for its high energetic demands due to its multimodal 42 
nature, requiring athletes to maintain high training volumes. In this case study, we analyzed the total 43 
energy expenditure of world-class triathlete Kristian Blummenfelt using doubly labelled water over 44 
two specific periods, along with three years of training data. Total energy expenditure ranged from 45 
7,019-8,506 kcal/day. Reported energy intake ranged from 4,899 to 6,360 kcal/day. The annual 46 
training volumes for the years 2020-2022 were 1,480, 1,350 and 1,308 hours, respectively, following 47 
a pyramidal intensity distribution. Approximately 53% of the entire three-year period matched with 48 
the doubly labeled water measurement periods in terms of training volume, indicating that the 49 
recorded total energy expenditure is representative of the majority of the observed data. Hence, the 50 
greater part of the three-year period likely exceeds the proposed metabolic ceiling for sustained total 51 
energy expenditure. This not only questions the validity of the current metabolic limits but also 52 
suggests a new perspective on what is physiologically achievable in world-class athletes.   53 

Key words: Energy Expenditure; Endurance; Triathlon; Doubly Labeled Water; Exercise. 54 

New and noteworthy: The current paper presents unprecedented data on the training volume and 55 
intensity distribution of a world-class triathlete. Further, using doubly labeled water measurements 56 
and training data, we argue that our findings challenge the proposed alimentary limit for sustained 57 
energy expenditure, thereby raising the upper boundary of what is physiologically possible in 58 
humans.  59 

Introduction 60 
Triathlon is a multi-discipline endurance sport where athletes compete in varying events extending 61 
from the Olympic to the Ironman discipline, with varying distances in swimming, biking and running. 62 
Irrespective of the discipline, success necessitates a significant training volume across all three 63 
modalities, accompanied by adequately calibrated energy intake (EI) to offset substantial energy 64 
expenditure (EE).  65 

Total energy expenditure (TEE) encompasses all biological processes, including basal metabolic rate 66 
(BMR), thermic effect of food, non-exercise activity thermogenesis and physical activity (1). The 67 
physical activity level (PAL) is defined as the factor by which TEE exceeds BMR, with levels in the 68 
general population ranging between 1.2-2.5 (2). TEE has been empirically assessed in a variety of 69 
sports, using the “gold standard method” doubly labeled water (DLW). For instance, a one week 70 
investigation of cross-county skiers found an average PAL of 3.4 and 4.0 for female and male 71 
athletes, respectively (3). Research from three-week endurance events such as the Tour de France, 72 
Giro d’Italia and Vuelta a España have identified PAL values reaching as high as 5.3 (4–6). The 73 
absence of weight loss during these events implies that sufficient energy consumption occurs.  74 

Recently, Thurber et al. (7) suggested the existence of a “metabolic ceiling” situated at a PAL of ~ 2.5 75 
and that sustained EE exceeding this alimentary limit necessitates utilization of energy reserves, a 76 
strategy that is unsustainable over time. This alimentary limit is based on the constrained EE model 77 
which posits that increased physical activity over time directly decreases other metabolic processes, 78 
causing a decrease in TEE (8). While the current body of research exploring TEE relies heavily on data 79 
from short-term training, competitions, and expeditions (7), longitudinal studies focusing on training 80 
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settings where strategic manipulation of exercise and EI is designed to maximize training volumes 81 
and subsequently TEE, are lacking. 82 

Training volume is regarded a critical element in the optimization of performance across most 83 
endurance sports, with a general consensus that the major part constitutes low-intensity training 84 
(LIT) (9). For world-class endurance athletes, the power output at LIT will remain notably high, 85 
yielding substantial energy turnover. Despite consensus on the importance of high amounts of LIT, 86 
there is an additional need for certain amounts of moderate- (MIT) and high-intensity training (HIT), 87 
although the exact distribution is a subject of ongoing debate (10, 11). Within this context, triathlon 88 
emerges as one of the most demanding sports. The aim of the current study is to investigate TEE 89 
across two representative training camps and three years of training in a world-class triathlete.  90 

Materials and Methods 91 
Subject 92 
The athlete, Kristian Blummenfelt (KB) is a Norwegian triathlete born on January 14th, 1994 in 93 
Bergen, Norway. His career highlights include Olympic gold medal, world Triathlon champion, 94 
ironman™ world champion, ironman™ 70.3 world champion, and the ironman distance world record. 95 
He is classified as tier 5 or world-class according to the athlete classification framework (12). The 96 
study was reviewed by the regional ethics committee and approved by the Norwegian Agency for 97 
Shared Services in Education and Research (ref: 761888). Written informed consent was obtained 98 
from KB for the usage of training data, full name and publication of the study. 99 

Research design 100 
We present an overview of KB’s training data spanning from January 2020 to December 2022. During 101 
this timeframe, he underwent training for various competitions across different disciplines, ranging 102 
from Olympic distance to ironman events. To estimate KB’s TEE, two periods of doubly labeled water 103 
(DLW) measurements during two distinct training camps (from October 29th to November 8th, 2021 104 
(DLW1) and from January 26th to February 8th, 2022 (DLW2)) were measured, both held at 2,320 105 
m.a.s.l., as part of the preparatory period. 106 

Energy expenditure 107 
The subject specific DLW dose was calculated using estimated total body water i.e., body fat 108 
percentage was estimated based on body mass index, age, and gender (13). Assuming a constant 109 
hydration fraction of fat-free mass of 73% (14), TBW was then calculated. For both DLW periods, KB 110 
collected a baseline urine sample (day 0) before ingesting a weighted amount of 2H2O and H2

18O, 111 
providing an excess body water enrichment of approximately 150 ppm for H2 and 200 ppm for 18O. 112 
The next morning, a urine sample was collected from the second voiding. An additional dose of DLW 113 
was ingested on the evening of day 7, after the collection of a new background sample, both during 114 
DLW1 and DLW2. Additional urine samples were collected every day following the first voiding. The 115 
urine samples were duly collected using standard urine cups, subsequently aliquoted into airtight 116 
glass vials, and then preserved at -40°C within the facility's storage. After each training camp, the 117 
vials were shipped with overnight express to the laboratory where they were analyzed.  118 

The isotope dilution spaces were calculated using two different methods, i.e. the plateau method 119 
and the intercept method. These two methods, which to our knowledge only have been reported 120 
once during extreme TEE (4), have been shown to elicit different outcomes in these scenarios. Given 121 
the potential methodological implications for the current and future studies, we report both, thereby 122 
contributing to the limited data available. Using the plateau method, the isotopic dilution spaces for 123 
2H and 18O were calculated from the background enrichment from the baseline urine sample in the 124 
evening and the urine sample in the morning after dosing, allowing overnight equilibration. Using the 125 
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intercept method, the dilution space was calculated from the final (at the end of the observation 126 
period) and initial urine samples by extrapolating back to time 0. CO2-production was then calculated 127 
using an updated equation of CO2-production (15), whereas EE was determined using Weirs non-128 
protein equation (16), while assuming a respiratory quotient of 0.90, reflecting the typical 129 
carbohydrate intake of elite-level endurance athletes (5, 6).   130 

PAL was determined by the ratio of TEE to BMR. BMR was calculated by employing the equation 131 
developed by Van Hooren et al. (17) for elite endurance athletes. Specifically, the equation used was: 132 

BMR (MJ/day) = 0.767 + 0.106*mass (kg) (17).   133 

Energy intake 134 
Since this study was conducted retrospectively and initially aimed to provide internal information on 135 
KB’s EE, there was no pre-planned measurement of EI during DLW1. However, after the conclusion of 136 
the first data collection period, the research team and head coach mutually decided to extend the 137 
data collection efforts. Consequently, during DLW2, we were able to assess KB's energy intake across 138 
four consecutive days. 139 

EI was assessed using 24-h diet recalls, conducted using a nutritional analysis software, developed for 140 
research purposes with access to the Norwegian nutritional register (Myfood24, Leeds, UK). The diet 141 
recalls were scheduled on consecutive days, including one rest day (easy training) to accurately 142 
depict KB’s regular habitual EI.  143 

Training 144 
The training records were obtained from the KB’s training computer (Garmin Edge 1040, Garmin Ltd., 145 
Kansas, USA) and smartwatch (Garmin Forerunner 945-955, Fenix 6) covering the period from 146 
January 1st, 2020, to December 31st, 2022. These records comprised 2782 observations, with each 147 
observation representing an individual training session or competition. The variables encompassed 148 
within the data set included duration of session, power (cycling), heart rate (cycling and running), 149 
and speed (running and swimming). Applicable variables were categorized in a three-zone model. 150 
Specifically, the zones were demarcated as below the first lactate threshold (LT1), which is defined as 151 
the first infliction point where lactate concentrations begin to increase, between LT1 and the second 152 
lactate threshold (LT2), corresponding to the second infliction point, and above LT2. These thresholds 153 
are based on testing completed in the laboratory during the 2021 season for cycling (LT1: 310 W, 140 154 
BPM; LT2: 373 W, 161 BPM), running (LT1: speed: 16.4 km/h, 148 BPM; LT2: speed: 19.0 km/h, 167 155 
BPM), and swimming (LT1: speed: 1.32 m/s; LT2: speed: 1.34 m/s), respectively. Given the overarching 156 
objective of this paper, a single test was deemed sufficient for the calculation of a three-zone model.  157 

Anthropometric data 158 
For similar reasons mentioned concerning EI, KB’s body mass was only measured systematically 159 
during DLW2. Throughout this period, KB recorded his body mass each morning (excluding one day) 160 
after the first voiding using a digital scale from Seca (Hamburg, Germany). Additionally, his body mass 161 
was measured sporadically throughout the designated period in relation to metabolic testing and 162 
body composition assessments. 163 

Data analysis 164 
Training data were imported into the statistical software R to facilitate comprehensive data 165 
visualization and subsequent analytical procedures. To contextualize the TEE derived from the DLW 166 
measurements, we analyzed the total training volume during each year of the overall observation 167 
period and the DLW periods specifically. As such, the period defined as “overall” refers to the period 168 
between January 1st 2020, and December 31st 2022, excluding DLW1 and DLW2. Since the DLW 169 

Downloaded from journals.physiology.org/journal/jappl at (088.003.175.016) on November 2, 2024.



periods may not consist of complete weeks, we included full 7-day cycles within these periods for 170 
analytic purposes.  171 

Results 172 
Anthropometric data 173 
KB’s stature is 175 cm. During DLW2, the body mass of KB was 79.2 ± 0.8 kg [range: 78.0-81.2 kg], 174 
indicating he was in energy balance or surplus during the time of measurement. Additional weight 175 
and anthropometric data, collected during lab testing and body composition measurements, are 176 
provided in the supplementary materials. 177 

Energy expenditure 178 
During DLW1, the TEE was 7,715 ± 2,652 kcal/day for Days 1-6 and 8,028 ± 2,318 kcal/day for Days 7-179 
12, using the intercept method. Using the plateau method, the TEE was 8,052 ± 2,772 kcal/day for 180 
days 1-6 and 8,506 ± 2,461 kcal/day for days 7-12. For DLW2, the TEE was 7,019 ± 1,888 kcal/day for 181 
days 1-7 and 7,600 ± 2,772 kcal/day for days 8-14, using the intercept method. Using the plateau 182 
method, the TEE was 7,400 ± 1,993 kcal/day for days 1-7 and 8,078 ± 2,963 kcal/day for days 8-14.  183 

The equation by Van Hooren et al.(17)  gave an estimated BMR of 2,175 kcal/day for KB, yielding PAL 184 
values of 3.6 and 3.8 during DLW1 for the intercept and plateau method, respectively. For DLW2, the 185 
values were 3.4 and 3.6, respectively.  186 

Energy intake 187 
The EI ranged from 4,899 to 6,360 kcal/day. Table 1 provides an overview of the energy and 188 
macronutrient intake during four consecutive days of DLW2. 189 

Insert table 1 approx. here 190 

Training data 191 
In 2020, 2021, and 2022, the annual training volumes were 1,480 hours, 1,350 hours, and 1,308 192 
hours, respectively. The training durations for DLW1 and DLW2 were 54.5 hours and 58.9 hours. The 193 
weekly average durations [range] for DLW1, DLW2, and the overall period were 31.6 hours [27.7-194 
36.1], 29.7 hours [28.4-31.8], and 26.3 hours [1.2-42.6], respectively (Figure 1). 53% of all weeks fell 195 
within the volume range exhibited during the DLW periods. This shows that the majority of the 196 
overall period commensurate in energetic output compared to the DLW periods.    197 

Insert Figure 1. Approx. here 198 

No sessions with alternative training or strength training were recorded throughout either training 199 
camp. Excluding the two camps, a total of 41.4 h was registered as alternative training, which 200 
includes mobility- and core training. The mean session duration for DLW1, DLW2, and the overall 201 
period was 1.7 ± 1.6 h, 1.7 ± 1.0 h and 1.5 ± 0.9 h, respectively. The percentage zone allocation, 202 
based in a three-zone model derived from the metabolic testing for duration, heart rate, velocity, 203 
and power are delineated in Table 2 and 3, respectively.  204 

Insert Table 2. Approx. here 205 

Insert Table 3. Approx. here 206 

 207 
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Discussion 208 
This case study aimed to quantify the TEE of KB, a world-class triathlete during two training camps 209 
representative of his general training, as well as the annual training regimen across a three-year 210 
period. The main findings revealed that KB exhibited PAL values notably exceeding the proposed 211 
alimentary limit for sustainable TEE during the DLW periods, which represents the majority of the 212 
three-year observation period. He did this by applying an intensity distribution resembling a 213 
pyramidal approach, averaging 1,379 hours annually, numbers unprecedented across any sport 214 
reported in the literature.  215 

During DLW1 and DLW2, the average PAL ranged from 3.4-3.8, depending on the calculation used. 216 
During high energy turnover, the intercept method tends to overestimate the isotope concentrations 217 
at time 0, causing the dilution space and hence TEE to be underestimated. Therefore, the plateau 218 
method has been recommended during high energy turnover, a notion reinforced by our results (4, 219 
18). Using the plateau method, TEE ranged between 7,400-8,506 kcal/day, which are values that 220 
commensurate with those reported in grand tours (4–6). Notably, the PAL values of KB are lower 221 
than several other reported numbers in elite athletes, including cyclists, cross country skiers and 222 
ultra-endurance runners, whose numbers ranges between 3.4 and 5.3 (3, 5, 17, 19). One contributing 223 
factor is KB’s comparatively high body mass, causing his relative TEE to be constrained. Additionally, 224 
numerous studies on elite athletes have utilized BMR estimates that are substantially lower than 225 
those proposed by Van Hooren et al. (18), which likely do not accurately reflect this demographic (3, 226 
19). For example, using the BMR formula applied by Best et al. (19) yields PAL values ranging 227 
between 4.0-4.5 for KB. Comparable results are observed when employing the formula from Sjödin 228 
et al (3). Hence, considering these methodological differences, KB appears to elicit similar relative 229 
TEE to the aforementioned studies on elite athletes. Notably, KB’s data reflect his habitual TEE rather 230 
than extreme events like Grand Tours, making them more representative of his actual EE.  231 

The corresponding EI of KB did not match the TEE, with values ranging between 4,889-6,360 232 
kcal/day. However, analogous to data from Grand Tours, his body mass remained stable during 233 
DLW2, indicating that KB was in energy balance. This suggests that his actual EI was significantly 234 
higher. Previous studies corroborate that self-reported EI tends to be underestimated by 20% on 235 
average in athletes, with greater discrepancies at higher intake (20). Thus, KB’s EI were likely within 236 
the range of the reported TEE across the evaluated days. Despite the underestimation in EI, the data 237 
still provides a reliable proxy for macronutrient distribution (20). Extreme PAL values have been 238 
suggested to be concomitant with substantial tissue loss, implying  that a proportion of the energy 239 
requirements is met through catabolism of body stores such as adipose tissue or muscle mass (7). 240 
Despite this, a critical distinction exist between EI and energy absorption, with world class athletes 241 
potentially possessing superior absorption capabilities due to biological traits, compared to the 242 
general population (21). These capabilities may enable them to sustain elevated PAL’s over extended 243 
periods, unlike the general population (21, 22). As an example, current nutritional guidelines do not 244 
support exceeding 90 g/h of carbohydrates during exercise, as most research show little additional 245 
benefit beyond this threshold and high prevalence of gastrointestinal discomfort (23). However, 246 
contemporary elite athletes frequently consume quantities substantially exceeding 90 g/h of 247 
carbohydrate and appear to tolerate it well (24). This is also evident through KB’s reported EI which 248 
exceeded 1000 g of carbohydrate on certain days, without adjusting for underreporting. It is 249 
therefore plausible that KB demonstrates enhanced tolerance for carbohydrates, which may also 250 
transfer to superior nutritional absorption relative to findings in non-world-class athletes. 251 
Interestingly, a high amount of the reported food consumption were high and ultra-processed foods, 252 
which may affect absorption and seems to be necessary to accommodate such carbohydrate 253 
quantities. Consequently, KB has been able to support a training volume likely exceeding the 254 
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proposed metabolic ceiling of 2.5 x BMR for most of this three-year period, while seemingly 255 
remaining in energy balance. 256 

The lowest weekly average training volume recorded during the DLW periods was 27.7 h. In the 257 
overall three-year period, 53% of all weeks had training volumes that either matched or exceeded 258 
this. Notably, for illustrative purposes, 67% of the weeks in the overall period had a training volume 259 
of at least 25 h, representing a 10% reduction from the aforementioned weekly training volume. 260 
Considering this distribution, it is reasonable to infer that the PAL’s during the majority of the three-261 
year period exceeds the suggested “metabolic ceiling”. Since the TEE data from the DLW periods 262 
were collected in the latter part of the observational period, it is unlikely that we would observe 263 
further decreases in TEE over time. This stand in contrast to the proposed mechanisms of the 264 
constrained model of EE. Hence, if a compensation occurs, it likely would have decreased earlier in 265 
the period. While extended research is required to accurately determine PAL values over durations 266 
longer than those covered in this study, the present data suggests that EE greatly exceeding 2.5 x 267 
BMR for significant portions of the annual calendar is plausible. It should be mentioned that both 268 
DLW1 and DLW2 were altitude camps. There is mixed evidence suggesting that altitude camps around 269 
2,000 m.a.s.l. both may (25) or may not (26) affect BMR. Although difficult to conduct, future studies 270 
should aim to apply DLW measurements over longer periods i.e., every other month and including 271 
altitude and sea-level training periods, allowing for confirmation of our findings. This would ideally 272 
include daily RMR measurements to offset potential fluctuations due to internal/external factors, as 273 
well as periods with curated food selections for increased accuracy of EI.  274 

To achieve the reported EE values, KB averaged 1,380 training hours annually, using an intensity 275 
distribution resembling a pyramidal training approach. The majority of training was LIT, reflecting 276 
consensus on the importance of large quantities for elite endurance athletes (9). It has been 277 
suggested that combining large amounts of LIT with too much MIT may cause excess fatigue with less 278 
adaptational benefits compared to spending this time at HIT (10). However, in the present setting, KB 279 
performs substantially more MIT compared to HIT, which appears to be sustainable. Thus, KB’s 280 
training data mainly resembles a pyramidal intensity distribution, similar to what has been reported 281 
in several world-class athletes from different sports (11). This indicates that high amounts of LIT is 282 
supplemented by notable quantities of so-called threshold training (i.e., MIT), comparable to what is 283 
seen during competition, while less attention is placed on HIT.     284 

Conclusion 285 
The present findings show that KB’s PAL values during two distinct phases markedly exceed the 286 
proposed metabolic ceiling of 2.5 x BMR, representing the majority of the three-year period. 287 
Therefore, world class athletes, which are scarcely represented in the literature, may produce results 288 
that are not otherwise possible. Notably, he did this by applying a pyramidal training approach. 289 
Lastly, the methodological approach is essential when measuring TEE during high energy turnover, 290 
and our results reinforce that the plateau method should be adopted in such cases.  291 

 292 

 293 
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 384 

Figure legends 385 

Figure 1. An overview of weekly training volume in hours during the entire three-year period along 386 
with a 4-week moving average (black line).  387 
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Table 1. Energy intake (EI) during DLW2 (January 26th-February 8th, 2022) on distinct training days, with 
day 4 categorized as easy by the coaching team.  

  Day 1 Day 2 Day 3 Day 4 (easy)  

EI Kcal 5,630 6,360 5,393 4,889 

Carbohydrate g 878 1,181 565 780 

 g/kg 11.1 14.9 7.1 9.8 

Protein g 214 160 239 166 

 g/kg 2.7 2.0 3.0 2.1 

Fat g 134 99 226 112 

 g/kg 1.7 1.2 2.8 1.4 
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Table 2. Percentage distribution across different exercise modalities during the three periods. DLW1 

(October 29th- November 8th, 2021), DLW2 (January 26th – February 8th, 2022), and overall (the remainder 
of the time between January 1st, 2020 – December 31st, 2022). Doubly labeled water = DLW  

Exercise modality DLW1 DLW2 Overall 

Cycling 57 % 45 % 46 % 

Running 24 % 30 % 29 % 

Swimming 19 % 25 % 24 % 

Alternative training 0 % 0 % 1 % 
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Table 3. Intensity distribution (%) in a three‐zone model for DLW1, DLW2, and the overall period, respectively. DLW = Doubly labeled water; Z = 
Zone; HR = Heart rate 

* Cumulative intensity distribution for the entire 3‐year period, excluding observations from DLW1 and DLW2.  

DLW1  Z1 HR  Z2 HR  Z3 HR  Z1 speed  Z2 speed  Z3 speed  Z1 power  Z2 power  Z3 power 

Cycling  71  29  0         84   12  4 

Running  100  0  0  81  19   0       

Swimming        100  0  0       

DLW2  Z1 HR  Z2 HR  Z3 HR  Z1 speed  Z2 speed  Z3 speed  Z1 power  Z2 power  Z3 power 

Cycling   88  12  0        88  8  4 

Running   87  13  0  93  7   0       

Swimming         100  0  0       

Overall *  Z1 HR  Z2 HR  Z3 HR  Z1 speed  Z2 speed  Z3 speed  Z1 power  Z2 power  Z3 power 

Cycling   85  13  2        85  10  5 

Running   85  12  3  88  7  5       

Swimming         95  0  5       
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