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set recovery duration, and might not reflect the overall demands of training. This study aimed to
assess novel metrics of exercise density (ED) during resistance exercise, and how these related to a
physiological marker of internal training intensity as well as traditional measures of external training
intensity and volume. Thirteen males and seven females performed two bouts of resistance exercise
focused on developing strength (5 sets of 5 repetitions with 5-repetition maximum; 180 s recovery)
and hypertrophy (3 sets of 10 repetitions with 10-repetition maximum; 60s recovery). Blood lactate
concentration was measured to quantify internal training intensity. Specific metrics of external volume
(mechanical work, volume load and total repetitions) and intensity (average weight lifted and ED)
were calculated. Despite lower average weights and no difference in mechanical work or volume load,
blood lactate was greater following hypertrophy compared with the strength condition. This finding
was consistent with higher measures of ED in the hypertrophy compared with the strength condition.
Greater ED during hypertrophy resistance exercise, along with the significant association with changes
in blood lactate, indicates that ED metrics are reflective of the sessional intensity for resistance
exercise.

Excessive training intensity or volume can result in chronic exercise stress, particularly if coupled with additional
stressors such as increased training frequency or regular travel'~%. Under such circumstances, athletes can expe-
rience a decline in the quality of subsequent training bouts or sports performance®®. If the training stress is not
attenuated, these athletes can experience suppression of the immune system, decreased muscle glycogen storage,
chronic muscle damage, neuroendocrine fluctuations and a disrupted psychological state! . Careful monitoring
of the training dose is essential to ensuring an athlete can perform at their highest level. Monitoring training
intensity and training load (the product of intensity and volume) for endurance®” and team sport®® athletes has
received considerable attention. However, strategies to quantify resistance training, a common component of
most athletes’ training programs, have not been extensively explored'?. This is surprising, considering that lifting
the same relative weight for equivalent total volume, yet manipulating acute variables (e.g. recovery periods, rep-
etition velocity and lifting tempo), can produce a vastly different training stimulus'®.

To date, calculating the mechanical work completed during a resistance training session is the most valid
method for quantifying external resistance training volume'!. However, this process is time-consuming and
requires specialized equipment, limiting its practical application'?. Alternatively, metrics such as the repetition
method (providing total repetitions) and volume load (VL) are used to quantify training volume, though these
methods are also inherently limited. The repetition method involves the summation of repetitions performed
during a training session or cycle'? and while easy to implement and interpret, this system fails to account for
weight lifted during each repetition. Instead, VL is determined by the product of repetitions performed and the
mass lifted to provide an absolute value in kilograms (sometimes termed tonnage)'" "%, and can provide an esti-
mate of the mechanical work completed during resistance training as well as the associated physiological stress'"
14 However, an individual training at 70% of 1 repetition maximum (RM) will have an identical VL whether that
session is performed for 10 sets of 3 repetitions or 3 sets of 10 repetitions, despite experiencing a vastly different
physiological stimulus'®. Therefore, additional metrics are necessary to differentiate the overall intensity of train-
ing bouts.
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The intensity of resistance training is often represented as the weight lifted relative to an individual’s maximal
strength for a single repetition of that exercise (i.e. 70% of 1-repetition maximum [1 RM])**. While this is a simple
assessment for the intensity of an individual repetition, it does not adequately describe the intensity of a training
session when considering manipulation of additional acute exercise variables. Alternatively, the Training Intensity
(TT) metric developed by Stone et al.'* quantifies the intensity of a training session by calculating the average
weight lifted throughout a session from the division of VL by the total repetitions performed. Although these
methods indicate the intensity of the weight lifted for a single repetition and a series of repetitions, respectively,
the ‘true intensity’ of a training session is far more complex involving both mechanical (external) and metabolic
(internal) work!®. The ‘true intensity’ of an exercise session is affected by varying session designs (sets and rep-
etitions)®, the load lifted!” '8, inter-set recovery durations'?* and repetition velocity?. To illustrate, recovery
duration influences muscle force production*"?* and hormonal responses?. Shorter inter-set recovery durations
during resistance exercise are also associated with elevations in the blood lactate concentration®* while longer
periods of recovery result in greater passive metabolite clearance®.

It is likely that the sessional intensity of resistance training is a cumulative measure that is reliant on the inter-
play between the volume, intensity and recovery associated with each individual set. However, to the authors’
knowledge there is no objective method of quantifying sessional resistance training intensity that accounts for
the influence of varied inter-set rest periods'* 2%, Given the outlined limitations with common metrics of external
training volume and intensity, we sought to create an objective metric to quantify sessional training intensity. We
expanded on the term “density” described by Bompa et al.?’ to create novel metrics of “exercise density” (ED)
derived from the division of mechanical work and VL by sessional recovery time measured in seconds. Through
the use of two distinctively different, yet work and volume matched resistance training protocols, we sought
to examine whether the novel metrics were; 1) able to differentiate between these protocols, and 2) provide an
estimate of sessional intensity as measured by change in blood lactate concentration, a commonly used measure
of glycolytic metabolism and exercise demand?!. We hypothesized that although traditional strength training is
performed using higher intensities for each repetition (i.e. 85-95% of 1 RM), traditional hypertrophy training
would result in a greater sessional intensity and that this finding would be supported by the novel ED metrics and
changes in blood lactate.

Methods

Participants. Thirteen males (age: 25.0 & 1.4 years) and seven females (age: 23.4 & 1.4 years) with novice
to intermediate resistance training experience volunteered for participation in this study. At the time of the
study only five of the 20 participants were involved in structured resistance training greater than twice a week.
Participants were considered low risk for moderate to intense exercise as per an established screening question-
naire?. Participants were informed of the study’s aims and provided written informed consent. Ethical approval
for this study was provided by the Murdoch University Human Research Ethics Committee. Research was carried
out in accordance with the institutional guidelines and regulations.

Design. Participants were required to complete five exercise sessions. The first session was used to familiarize
participants with the procedures and equipment used in the study. During this session, lifting technique was
assessed for each of the seven resistance exercises (bench press, seated row, leg press, lat pull-down, military press,
leg extension, and arm curl) and visual and verbal instructions were provided to ensure correct form. The fol-
lowing two sessions were completed in a randomized order and were used to assess the 5- and 10 RM for each of
these exercises. Participants then completed the remaining two resistance exercise protocols in a randomized and
counterbalanced order. These protocols were designed provide a similar level of work, but different training stim-
uli, to investigate the ability of different metrics to quantify various resistance training protocols. Total mechanical
work was theoretically matched a priori using the %1 RM-Repetition Relationship described previously'®. Earlier
findings indicate that untrained individuals are able to lift fewer repetitions at a given percentage of 1 RM when
compared to trained individuals®; thus, a conservative estimate (i.e. 70% of 1 RM to approximate 10 RM, 85%
of 1 RM to approximate 5 RM) was used to theoretically match mechanical work. All exercise sessions were con-
ducted with four to ten days of recovery between sessions.

Definition of Terms. Inconsistent use of resistance training terminology within the field of strength and
conditioning has added to the difficulty in quantifying resistance training variables'* *’. Instead of recognizing
a uniform meaning, terms such as intensity, volume and load are routinely used to define a variety of resistance
training factors. In this paper, the following definitions of key terms will be used; (1) mechanical work: the prod-
uct of an applied force multiplied by the corresponding displacement in the direction of that force??, (2) metabolic
work: the processing of chemical substrates (i.e. glucose and fat metabolism) for energy production and use by
the body™, (3) VL: the product of weight lifted and repetitions performed'?, (4) weight intensity: the weight lifted
during training reported relative to maximal strength in a particular exercise (% 1 RM) or as the average weight
lifted across a session (TI)!> 13, (5) internal training intensity: metabolic work as measured by changes in blood
lactate concentration, (6) sessional intensity: the effort or stress associated with performing an entire training ses-
sion'’, and 7) exercise density: the mechanical work or VL of a training session reported relative to the summed
inter-set recovery periods (expressed as J-s™! or kg-s~!, respectively).

Procedures. Maximal Strength Testing. Maximal strength was assessed via 5- and 10 RM testing con-
ducted on separate days in a randomized order. Seven resistance exercises (bench press, seated row, leg press,
lat pull-down, military press, leg extension, and arm curl) were performed in order of mention for both the
maximal testing and experimental sessions. Prior to 5 RM assessment, participants performed a 5-min general
warm-up on a rowing ergometer at self-selected intensity, following by a specific warm-up of each resistance
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Equation No. ‘ External Measure Equation

Measures of External Volume

1 Mechanical Work w=f.d

2 Mechanical Work (Leg Press) | W=(f- cosine-45) - d
3 Mechanical Work (Arm Curl) | W=t-0

4 Volume Load VL =m - repetitions

5 Total Repetitions TR =sets - repetitions

Measures of Exercise Intensity

6 Training Intensity TI=VL/repetitions
7 Exercise Density (Work) EDy,=W/s
3 Exercise Density (Volume EDy, = VL/s

Load)

Table 1. Equations used to calculate external volume and intensity. Note. W = mechanical work, f=force,
d =displacement, t =torque, 0 =theta (angle in radians), VL =volume load, m = mass, TR = total repetitions,
TI = training intensity, ED = exercise density, s = seconds.

exercise (light weight repetitions). Participants were instructed to lift a resistance pre-selected by the researcher
with the aim of performing five repetitions with correct technique and without requiring assistance. If the set was
successful and the participant was capable of lifting the additional weight, the resistance was increased by small
increments until the participant could not complete five repetitions with correct technique. Participants rested for
periods of 120-240s between RM attempts to ensure adequate recovery as per testing guidelines'®. During each
RM attempt, the displacement of the weight stack, sled or bar was measured using a tape measure for post hoc
calculation of mechanical work. This technique was adopted from previous research, whereby displacement was
measured over several repetitions during the set to create a mean displacement®. Throughout repetitions of the
arm curl, a goniometer was placed over the lateral epicondyle of the humerus to measure the individual degree
of flexion. Furthermore, the length of the moment arm during the arm curl was measured, using a tape measure,
from lateral epicondyle of the humerus to mid palm where the dumbbell was held. The 10 RM assessment was
completed using an identical methodology to the 5RM, with the exception that the maximum mass that could be
lifted with correct technique for ten repetitions was determined. All RM assessments were conducted by a single
rater throughout the study.

Exercise Protocols. ~ All experimental trials commenced with a 5-min general warm-up on a rowing ergometer
at a self-selected intensity, followed by a specific warm-up for each exercise to be completed using light weights
(single set of ten repetitions at 50% of 10 RM). During the strength training session, participants completed 5
sets of 5 repetitions using 5 RM weight, with 1805 of passive inter-set recovery. The hypertrophy training session
consisted of 3 sets of 10 repetitions with 10 RM weight and 60 s inter-set recovery. All testing was completed at the
same time of day to account for circadian rhythm, and participants were asked to abstain from strenuous exercise
24 hours prior to the testing sessions. Exercises were performed in the same order as during the RM testing.

Measure of Internal Training Intensity. Internal training intensity was quantified by measuring blood
lactate before and immediately after completion of the exercise session. Blood lactate was measured in dupli-
cate from a 0.7 pl capillary blood samples obtained from a fingertip which was immediately analyzed using a
hand-held lactate analyzer (Lactate Plus, Nova Biomedical®, USA). The mean value of the duplicate measures
was used for analysis to reduce measurement error. The test-retest reliability of a single rater demonstrated an
intraclass correlation coefficient (ICC) indicative of strong agreement and reliability (ICC = 0.99; 95% confidence
interval, 0.94 to 0.99).

External Volume and Intensity Calculations. The volume and intensity of exercise during each session
were calculated using the equations listed in Table 1. Mechanical work for exercises where the displacement of the
mass was measured vertically (bench press, military press, leg extension, seated row, lat pull-down) was calculated
using equation (1); where W is mechanical work (J), fis force (N), and d is displacement (m). Equation (2) was
used to calculate mechanical work for the 45° incline leg press exercise and uses the standard mechanical work
equation along with cosine and an angle of 45°. Accounting for rotation about the elbow joint, equation (3) calcu-
lates mechanical work for the arm curl using torque (N-m) and 6 as range of motion (radians). The work for each
repetition performed was summed to calculate mechanical work for each exercise and the session. Total sessional
VL and total repetitions were calculated using equations (4) and (5), respectively, to provide simple indications of
training volume. Intensity was calculated as the average intensity of the weight lifted via the TT equation (6), while
ED metrics were calculated to indicate sessional intensity. Measures of ED were calculated two ways; a) derived
from mechanical work (EDy,) by dividing mechanical work by summed inter-set recovery (equation 7), and b)
derived from VL (EDy;) by dividing VL by summed inter-set recovery (equation 8).

Statistical Analyses. Differences in lactate between exercise protocols (strength and hypertrophy) over time
(pre- and post-exercise) were assessed using a linear mixed model. Significant main effects or interactions were
assessed using the LSD post hoc test. Differences within each remaining variable were assessed using a dependent
t-test. Effect sizes (ES; Hedge’s g) estimated the magnitude of difference in mechanical work, VL, blood lactate
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and ED between conditions. Effect sizes were calculated using mean difference and mean pooled standard devi-
ations and categorized as small (0.20-0.49), moderate (0.50-0.79) or large (>0.80)**. Relative changes in blood
lactate pre- to post-resistance exercise (merged hypertrophy and strength data) were correlated (Pearson’s r) with
mechanical work, VL, total repetitions, EDy, EDy; and TI. Correlation sizes were interpreted as high (0.70 to
0.90), moderate (0.50 to 0.70) or low (0.30 to 0.50)*. Examination of data revealed no outliers prior to correlation
using established methods of outlier labeling®®, and a subsequent Fisher’s transformation allowed the comparison
of correlations using z-scores. Mixed modelling, correlation coefficients, dependent t-test and post hoc statistical
analyses were conducted using SPSS analysis software (Version 22, IBM®, U.S.A) with the level of significance
set at p <0.05. Post hoc analysis of achieved statistical power was conducted using G*Power (Version 3.1.9.2,
Germany). For our primary measure of blood lactate, we calculated a post hoc achieved statistical power of 0.99
for our sample size of 20. All data are presented as mean =+ SD unless otherwise noted.

Results

Across all exercises, participants failed to complete a total of 1.7 £2.6 (<1%) repetitions during strength and
11.1411.7 (4.8%) repetitions during the hypertrophy conditions. By design, a significant difference (p < 0.01;
ES=3.53) was observed in total repetitions, with participants completing a greater amount of repetitions during
the hypertrophy (228.9 & 11.7 repetitions) when compared with the strength condition (198.3 = 2.6 repetitions).
No differences (p=0.78; ES=0.01) in mechanical work were observed between strength and hypertrophy con-
ditions (Fig. 1a). Mean VL (Fig. 1b) between the strength and hypertrophy conditions was not different (p=0.10;
ES=0.09). Mean TI was greater (p <0.01, ES=0.40) in the strength when compared with the hypertrophy con-
dition (Fig. 1c).

Greater ED, was observed during the hypertrophy when compared with the strength condition (Fig. 1d;
p<0.01; ES=3.18). Similarly, EDy; was significantly greater following hypertrophy when compared with the
strength condition (Fig. le; p < 0.01; ES=3.68). Blood lactate concentration demonstrated no pre-exercise differ-
ence between conditions (Fig. 2; p =0.99). Blood lactate variability (coefficient of variation) was determined to be
15.7% (95% confidence interval [CI], 11.6 to 24.0%) at baseline, and 17.6% (95% CI, 13.0 to 27.1%) immediately
after exercise. Post-exercise measures of blood lactate were significantly greater following hypertrophy when
compared with the strength condition (p < 0.01; ES =1.49). Relative changes in blood lactate were not correlated
with volume metrics mechanical work (Fig. 3a) or VL (Fig. 3b), and moderately correlated with total repetitions
(Fig. 3¢c). However, they were moderately correlated with sessional intensity metrics ED,, (Fig. 3d) and EDy
(Fig. 3e). Relative changes in blood lactate were not correlated with intensity metric TI (Fig. 3f). A Fisher’s -z
transformation revealed no significant differences between the correlations for ED,and EDy; (p=0.82,z2=0.22),
EDy, and total repetitions (p =0.26, z=1.13) or ED,, and total repetitions (p =0.18, z=1.35).

Discussion

The purpose of this study was to compare novel methods for determining sessional intensity during resistance
exercise with a marker of metabolic stress to highlight the most appropriate metrics for quantifying various types
of resistance training. The main findings of this study were; (1) both ED metrics indicated greater sessional inten-
sity following the hypertrophy compared with the strength condition, (2) increases in blood lactate were only
significantly correlated with ED metrics and total repetitions, and (3) common metrics of resistance training
intensity (TT) and volume (VL and mechanical work) did not differentiate between protocols in acordance with
blood lactate or ED.

Blood lactate concentration is often used to reflect the metabolic stress and internal intensity associated with
an exercise session®>¥’. In accordance with previous research®"*’, blood lactate concentration was significantly
greater following hypertrophy when compared with strength resistance exercise, even when matched for mechan-
ical work and VL. The difference in the lactate response (Fig. 2) was likely influenced by the manipulation of
inter-set recovery periods, as shorter periods of inter-set recovery are associated with decreased clearance of
blood lactate from the muscle?®, which accumulates with each performed repetition®. We cannot disregard that
other variables, that were purposely manipulated (i.e. number of repetitions per set), also contributed to the
greater lactate response observed in the hypertrophy condition. While this may have resulted in an increased
lactate response compared with the strength condition during each set, the use of shorter recovery periods during
the hypertrophy condition would have resulted in a continued elevation of lactate throughout the training ses-
sion, ultimately indicating a greater level of metabolic stress™.

Previous methods of quantifying external training volume and intensity (i.e. repetition method, VL and TT)
have quantified total repetitions or the weight lifted with limited consideration of other training variables such as
inter-set recovery'’. The simplicity of the repetition method, VL and TI makes these attractive strategies for moni-
toring a training dose. However, they do not account for all training variables that influence the physical demands
or physiological strain of an exercise session. By design, greater total repetitions were performed in the hypertro-
phy when compared with the strength condition, whereas TI was significantly greater during the strength when
compared with the hypertrophy condition. It is important to note that the differences in the total repetitions and
TI are a reflection of our controlled protocol design to match mechanical work by controlling sets, repetitions
and relative weight (5RM and 10 RM). T1 can provide interesting information for monitoring day-to-day training
demands if training variables including inter-set recovery duration and repetition velocity remain constant!?.
However, as this method only accounts for weight lifted and total repetitions, TT appears problematic for quanti-
fying sessional training intensity when additional variables are manipulated.

Unlike the TT method, previous research indicates that measures of VL are associated with physiological
responses during resistance exercise!*. This would suggest that as VL was matched between exercise protocols
in this study, the strength and hypertrophy exercise sessions should have resulted in a similar physiological
response; yet, as observed with the lactate response, this was not the case. Since the metabolic stress of a resistance
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Figure 1. Paired comparisons between strength and hypertrophy conditions about the median (—) in (a)
mechanical work, (b) Volume Load, (¢) TL, (d) ED,, and (e) EDy;. Pairwise differences in (f) mechanical work,
(g) Volume load, (h) TL, (i) EDy, and (j) EDy;;. *Difference significant at p < 0.01.

training session is dependent on the weight lifted, the number of sets, inter-set recovery duration, repetitions at
a given resistance and repetition velocity, it is unlikely VL can fully reflect metabolic stress. In accordance with
our hypothesis, ED metrics were able to differentiate between hypertrophy and strength protocols where VL
and mechanical work could not. Significantly greater EDy, and EDy;; were calculated following the hypertrophy
protocol when compared with the strength protocol. Considering that the ‘true intensity’ of an exercise session
is associated with both mechanical and metabolic output’®, by not objectively quantifying sessional intensity,
significant metabolic-specific training stresses may be unaccounted for.
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Interestingly, relative change in blood lactate concentration from pre- to post-exercise was moderately cor-
related with total repetitions, EDy, and EDy;, despite no significant correlation with the traditional methods of
mechanical work, VL or TI. These findings further support our hypothesis that ED metrics better represent the
metabolic stress of a resistance training session when compared with more traditional methods. The moderate
correlation observed with total repetitions is not surprising as lactate accumulation occurs with each repetition®®;
thus, the higher number of total repetitions present in the hypertrophy when compared with the strength condi-
tion would have led to this finding.

It should be acknowledged that ED metrics might not be applicable in all formats of resistance exercise,
particularly when training for muscular power. Repetition velocity is not considered in the ED metrics, and
they therefore might not be appropriate for quantifying the sessional intensity associated with power training.
Nevertheless, the same argument could be made for the traditional metrics of VL, TT and total repetitions, and
future studies should investigate ED metrics which incorporate repetition velocity to enhance monitoring pro-
cesses for power training. Additional research is also needed to increase understanding of ED in relation to
session-rating of perceived exertion, as this technique is commonly implemented in resistance training and has
been shown to reflect the overall stress of a session®. This would assist in confirming the relationships observed
between ED metrics and internal training intensity, measured via blood lactate in this study, considering that
plasma volume may be altered differently in response to hypertrophy and strength training protocols. While the
differences in plasma shifts between 5- and 10 RM protocols are small*’, it may influence the accuracy of blood
lactate measurements. Finally, due to the substantial differences between the structure of the two exercise proto-
cols investigated, we are unable to confirm whether the relationship between the ED metrics and response in lac-
tate would continue in the instance 5- and 10 RM training structures are matched for inter-set recovery duration.
However, these protocols were chosen to represent ecologically valid and peer-reviewed training methods® that
allowed us to instead examine the effect of inter-set recovery on sessional training intensity in two viable training
methods from a practical perspective.

In conclusion, standard methods for quantifying resistance training provide limited insight into the sessional
training intensity of an exercise session for untrained individuals. The ED metrics demonstrated moderate cor-
relations with a marker of metabolic stress in this population, while traditional measures of resistance training
volume and intensity did not. Based on these findings, ED metrics should be considered by individuals aiming to
quantify sessional intensity of resistance training bouts.
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