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ABSTRACT

PURPOSE: This study investigated the effects of 
resistance training at only longer muscle lengths 
(LONG) compared to training with a combination 
of long and short muscle lengths (MIXED). 
METHODS: 7 recreationally trained males (n=5) 
and females (n=2) completed an eight-week 
replicated crossover within-participant design, with 
participants’ upper limbs randomized to LONG 
or MIXED conditions. LONG training involved only 
seated lengthened cable curls, while MIXED training 
involved half seated lengthened cable curls and half 
standing shortened cable curls. Elbow flexor cross-
sectional area (CSA), regional muscle thickness 
(MT), dynamic strength, isometric strength, and 
arm circumference were assessed at pre- and post- 
testing. Session rating of perceived exertion (sRPE) 
and perceived soreness were assessed before and 
after every session. RESULTS: Changes in total 
CSA for LONG (6.01 cm2 [95% HDI: - 1.64, 14.66], 
80.12% probability > ROPE) and MIXED (3.18 
cm2 [95% HDI: -5.66, 12.69], 55.51% probability > 
ROPE) were considered meaningful, but the contrast 
between conditions was not meaningful. Changes 
in dynamic strength for the shortened cable curl 
and lengthened cable curl in both conditions were 
considered meaningful, but the contrast between 
conditions was not meaningful. Contrast estimates 
in arm circumference were meaningfully greater for 
LONG at the proximal, middle, and distal regions 
of the upper arm but had questionable relevance. 
Changes in regional MT, regional isometric force, 
total isometric strength, sRPE, and perceived 
soreness were not considered meaningful for either 

condition. CONCLUSIONS: Overall, it seems that 
neither training condition provides clearly superior 
outcomes for hypertrophy, strength, or perceptual 
fatigue.

Keywords: Hypertrophy, Strength, Resistance 
Training

INTRODUCTION

Examining the influence of performing resistance 
training through various ranges of motion (ROM) for 
hypertrophy and strength outcomes is an emerging 
area of research; however, evidence regarding the 
efficacy of manipulated ROM to full length ROM is 
mixed. Specifically, for hypertrophy, Wolf et al. (33) 
reported that using various upper body exercises 
with partial ROM (lengthened position) or full 
ROM led to similar growth (BFh0= .19 to .30) in the 
elbow flexors and extensors in trained individuals. 
Conversely, a meta-analysis by Wolf et al. (32), which 
included 24 studies, found that training through 
various partial ROM (shortened and lengthened 
positions) resulted in a trivial difference for muscle 
hypertrophy compared to full ROM training (SMD 
= 0.12 [-0.02,0.26]). For strength, Wolf et al. (32) 
reported that strength gains were greatest in the 
ROM that was trained. The findings for strength 
outcomes in ROM studies are not unexpected 
due to the principle of specificity; however, more 
nuance is needed regarding hypertrophy and 
resistance training ROM. Specifically, the muscle 
length (i.e., shortened or lengthened position) at 
which an exercise is performed may affect muscle 
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growth (8,10,11,17,18) and temporal recovery 
(14,28). Furthermore, the analysis by Wolf was a 
binary comparison of shortened versus lengthened 
positions; thus, it is not known if utilizing a mixed 
approach (i.e., mix of shortened and lengthened 
positions) could provide a similar hypertrophy 
benefit as a fully lengthened approach. 

Indeed, various studies (8,10,11,17,18) have 
compared training at different muscle lengths and 
found that training at long muscle lengths may 
enhance hypertrophy, with fewer studies (23,33) 
reporting no substantial differences in hypertrophy 
when training through different muscle lengths. 
Maeo et al. (10,11) observed greater hypertrophy in 
biarticular muscles when training through a full ROM 
at a longer muscle length compared to a shorter 
muscle length. Moreover, Maeo et al. (10) reported 
additional hamstrings growth in healthy adults 
following 12 weeks of seated leg curl training (which 
exposed the biarticular muscles of the hamstrings 
to longer muscle lengths) compared to prone leg 
curl training (+14.1% versus +9.3%, respectively, p 
<0.001). Maeo et al. (11), also found that a mixed-
sex sample of healthy adults experienced greater 
triceps brachii hypertrophy when training with 
the arms in an overhead position (exposing the 
biarticular muscles of the triceps to a longer muscle 
length) compared to arms at the sides (+19.9% 
versus +13.9%, respectively, d = 0.54, p < 0.001).

Importantly, regional hypertrophy within the same 
muscle (17,18) may also be affected by the length a 
muscle is trained. For example, Pedrosa et al. (17) 
found that performing partial ROM leg extensions for 
12 weeks at a longer muscle length led to greater 
distal rectus femoris growth at 70% of femur length 
compared to training through only the final ROM or 
varied ROM (short and long) in untrained women. 
Further, Pedrosa et al. (18) reported that performing 
seated dumbbell preacher curls for 8 weeks at a 
longer muscle length (initial ROM 0°–68°) caused 
significantly greater distal biceps brachii growth 
(ES = 0.89; p = 0.001) at 70% of biceps length 
compared to training at a shorter muscle length 
(final ROM 68°–135°) in untrained women.

Despite the possibility to enhance hypertrophy by 
manipulating the muscle length during training, the 
potential greater temporal fatigue cost should be 
considered. Nosaka et al. (8) found greater ratings 
of perceived muscle soreness and increases in 
plasma creatine kinase concentrations following 
eccentric training at long muscle lengths versus 
short muscle lengths. Importantly, excessive muscle 

damage may impair subsequent performance 
(2); thus, alternative strategies such as using 
mixed muscle lengths (long and short) should 
be investigated to gain the benefit of long muscle 
lengths without elongating recovery time courses.

Therefore, the purpose of this replicated crossover 
study was to compare strength and hypertrophy 
(both whole-muscle and regional) between training 
at only longer muscle lengths (LONG) and training 
at long and short muscle lengths (MIXED) over 8 
weeks of biceps training. Additionally, we sought 
to examine the impact of training at different 
muscle lengths on the time course of recovery 
while examining subjective proxies of fatigue. We 
hypothesized greater distal hypertrophy for LONG. 
We hypothesized greater isometric and dynamic 
strength gains for LONG at longer muscle lengths 
and greater isometric and dynamic strength 
outcomes for MIXED at shorter muscle lengths. 
Further, we predicted lower markers of perceived 
soreness and fatigue for MIXED.

METHODS

Participants

Seven males (n = 5) and females (n =2) between 
the ages of 18-40 were recruited for this within-
participant study with replication. We employed a 
replicated crossover design to increase the number 
of observations and improve statistical power. This 
design led to the same number of observations 
as 14 participants in a typical within-participant 
unilateral design for strength and hypertrophy 
outcomes. For inclusion, participants needed to 
have ≥2 consecutive years of resistance training 
experience as determined by a physical activity 
questionnaire, and no contraindications to exercise 
(e.g., heart disease, hypertension, diabetes, etc.) as 
determined by a health history questionnaire. Prior 
to participation, all participants provided written 
consent and the University’s Institutional Review 
Board approved this investigation.

Experimental Design

The purpose of this study was to compare 
changes in whole and regional muscle size, 
strength, and subjective markers of soreness and 
fatigue following a replicated within-participant 
unilateral design. All participants had their upper 
limbs randomized to the two conditions (LONG 
or MIXED), counterbalanced for limb dominance, 
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and completed two pre-testing sessions, 8 weeks 
of training, and finally two post-testing sessions. 
After the first 8-week training intervention and post-
testing, participants completed a washout period 
of 6-8 weeks, then each participant replicated the 
training intervention (i.e., performed another 8 
weeks of training with pre- and post-testing). The 
duration of the washout period (6-8 weeks) was 
individualized depending on the availability of the 
participants, and participants were instructed to 
return to their habitual training (defined in their pre-
training questionnaire). The second intervention was 
identical to the first, with each limb re-randomized 
to the intervention conditions. Re-randomization 
in a replicative crossover design is standard 
practice in accordance with Senn et al. (21) to 
limit the number of order effects. To further adjust 
the primary estimates for potential order effects 
from the washout period, the main effect of training 
phase was included in all models. Interaction order 
effects (i.e., time by phase and time by condition 
by phase) were visually inspected prior to fitting the 
final model for each outcome. Upon visualization, 
only the time by phase interaction was considered 
necessary, and thus the time by condition by phase 
was omitted to preserve statistical power for our 
primary estimate (i.e., time by condition interaction).

Immediately following each training session, 
40g of whey protein containing 3.5g of leucine 
was ingested by each participant. Although the 
necessity of reaching a threshold of 3.5g leucine 
in a single meal to maximally stimulate muscle 
protein synthesis has been questioned recently 
(31), because nutritional control was limited to 
participants being asked to maintain normal eating 
habits, 40g of whey protein containing 3.5g leucine 
was ingested by each participant immediately 
following each training session to err on the side of 
caution and ensure optimal post-workout nutrition 
(22,27).

Training Program

The first session included initial paperwork, 
anthropometric measurements, muscle cross-
sectional area assessment (CSA), and isometric 
strength assessments. At least 48 hours later, the 
second pre-testing session involved 8-12 RM 
strength testing. At least 48 hours following the 
second pre-testing session, participants performed 
an introductory training week with reduced volume 
and proximity to failure. For the introductory 
training week, participants performed two sessions 
separated by at least 48 hours as they would in 

the main training program but completed 2 fewer 
sets per session and terminated sets further from 
momentary failure, at a self-rated 2 repetitions in 
reserve (RIR). The introductory week was deemed 
necessary to 1) familiarize participants with 
standardized exercise techniques and procedures, 
2) to elicit the repeated bout effect (35) as the 
increase in volume may have been substantial 
for some, 3) gradually build individuals up to 
higher volumes following the washout, especially 
for individuals who had their limbs assigned to a 
different protocol in the second phase. Following 
the introductory week, participants completed two 
supervised training sessions per week, separated 
by at least 48 hours, for 7 weeks. During this main 
training program, participants completed 12 sets 
per limb per week, divided evenly between sessions 
(i.e., 6 sets per session). Participants completed 
all training volume using a lengthened cable curl 
exercise on the limb in the LONG condition (Figure 
3AB). The limb randomized to the MIXED condition 
completed half of the training volume (3 sets per 
session) on the lengthened cable curl and the other 
half (3 sets per session) on the shortened cable curl 
performed in 90 degrees of shoulder flexion (Figure 
4AB). At least 48 hours following the final training 
session, post-testing was conducted, repeating the 
exact protocols of pre-testing. Details of the training 
program and all assessments can be seen in Table 
1.

Prior to each training session, participants 
completed a dynamic warm-up, followed by an 
exercise-specific warm-up. The exercise-specific 
warm-up consisted of 50% of the working load 
for 8 repetitions, followed by 75% of the working 
load for 4 repetitions. After completing the warm-
up on each limb, the designated first limb began 
the training session and alternated performing 
the prescribed training sets with the second limb. 
The limb designated to train first was alternated 
each session throughout the training intervention. 
Participants rested 90 seconds between each 
working set; therefore, the time between sets of 
the same limb was >3 minutes. For the limb in the 
MIXED condition, the exercise order was always 
lengthened cable curls followed by shortened 
cable curls. Each working set was performed until 
momentary muscular failure, defined as the inability 
to complete a repetition with the standardized 
technique (described in Exercise Procedures 
below) despite maximal effort to do so (19). Strong 
verbal encouragement was provided throughout all 
testing and training sessions. Both the LONG and 
MIXED conditions were performed after a Bench 
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Press protocol (refer to supplementary materials). 
Also, back training was performed following both 
the LONG and MIXED training protocols to control 
for any indirect biceps training volume. Back 
training consisted of bilateral lat-pull downs or 
bilateral seated cable rows on alternating training 
days. These exercises were performed for three 
sets of 10 reps at 2 RIR. 

The initially prescribed load was the exercise-
specific 8-12 RM load determined at pre-
testing,vand a target repetition range of 8-12 
repetitions was utilized for each working set. Set-to-
set adjustments in load were completed similarly to 
Helms et al. (5). However, due to the low absolute 
loads lifted in the present exercises, the adjustment 
threshold was doubled. Specifically, if participants 
completed greater than 12 repetitions, the load 
was increased for the next set by 4% for every 
repetition above 12. If participants completed less 
than 8 repetitions, the load was decreased for the 
next set by 8% for every repetition below 8. For 
example, if 14 repetitions were completed, the load 
was increased by 8% for the following set, while 6 
repetitions completed led to a load decrease of 16% 
for the following set. The initial load used for the first 
set of a session (except for the first session) was 

the average load of all training sets of the previous 
session.

Testing Procedures

Training History

A custom training history questionnaire was 
completed by each participant that outlines weekly 
total training volume for the biceps, weekly sets 
taken to muscular failure, average repetition range, 
typical exercise selection, and habitual progression 
methods.

Anthropometrics

Total body mass (kg) was assessed by a calibrated 
digital scale (Mettler-Toledo, Columbus, Ohio, 
USA), and height (cm) was measured via a wall-
mounted stadiometer (SECA, Hamburg, Germany). 
The circumference of the arm (mm) at 30, 50, and 
70% of its length was also recorded. Arm length 
was defined as the distance between the acromion 
process of the scapula and the lateral epicondyle of 
the humerus, measured on the posterior side of the 
arm, as proposed by Miyatani et al. (13).

Table 1.
Phase Week Session 1 Session 2 Session 3 Session 4

Pre-testing 1 Paperwork Anthropometrics Muscle Size Iso-
metric Strength

Dynamic 
Strength N/A N/A

Introductory 
Week 2 Training (2 sessions per week separated by at least 48 hours)#& 8 sets per week (4 per 

session) @ 2 RIR

Training Period

3
4
5
6
7
8
9

Training (2 sessions per week, separated by at least 48 hours) 12 sets per week (6 per 
session) @ failure&

Post-testing 10 Anthropometrics Muscle Size Isometric Strength Dynamic 
Strength

#= reduced volume and increased RIR (repetitions in reserve). &= session rating of perceived exertion (RPE), and 
perceived soreness were collected at each training session

Table 2. Previous Training History

Method Weekly Sets Repetitions Per 
Set RIR Per Set Interset Rest 

Periods (m)
Weekly

Frequency
Direct 5.71 ± 7.02 9.75 ± 0.89 1.38 ± 0.69 1.88 ± 0.95 0.93 ± 0.92

Indirect 11.86 ± 6.65 9.73 ± 1.35 1.71 ± 1.17 2.42 ± 0.88 1.36 ± 0.74
Combined 17.57 ± 11.56 9.73 ± 1.20 1.78 ± 0.98 2.26 ± 0.88 1.64 ± 1.01

Three methods of quantifying training history were used in the training history questionnaire. Direct training refers to 
all exercises where the elbow flexors were the primary movers (i.e., biceps curls). Indirect training refers to all exer-
cises where the elbow flexors were synergists to the primary movers (i.e., barbell rows). Combined training refers to 
the combination of both direct and indirect training performed.
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Ultrasonography

Elbow flexors CSA was assessed via panoramic 
b-mode ultrasonography (Phillips, Koninklijke 
Philips N.V., 2004). This method of testing biceps 
muscle size was previously reported as reliable (7), 
and ultrasound has been validated for measuring 
muscle hypertrophy against magnetic resonance 
imaging (20). Sites were scanned proximal to distal 
with the transducer perpendicular to the skin with no 
active pressure. A generous amount of transmission 
gel was utilized for each scan. Elbow flexor scans 
were performed in the supine position. To identify
measurement sites, the investigator created marks 
using a permanent marker at 30%, 50%, and 70% of 
the distance between the acromion process of the 
scapula and the lateral epicondyle of the humerus 
on the posterior of the arm determined by palpation. 
Then, a second set of marks was made in line with 
the first set on the anterior side of the arm along the 
midline of the elbow flexors. Finally, a guideline was 
made that connects all three points in the middle 
of the elbow flexors. This guideline was extended 
proximally and distally to capture the entire length 
of the bicep as detectable by the ultrasound. Scans 
were performed along this guideline in a controlled 
but constant motion. Scans were extended both 
distally and stopped once the probe reached the 
antecubital fossa. Two scans were conducted at 
each time point; however, if upon visual inspection 
the two scans were notably different, a third scan 
was taken and the two scans that were most similar 
were used for analysis (Figure 1).

Whole muscle CSA images were converted from 
DICOM to .jpeg format and then traced using 
the polygon tool in ImageJ (24). All scans were 
performed by the same investigator, and all scans 
were analyzed by another investigator. Regional 
hypertrophy was assessed via segmentation in 
ImageJ.

ImageJ Segmentation Procedures

Regional muscle thickness at 33% and 66% of 
muscle length was computed from ultrasound 
scans of the elbow flexors using a custom ImageJ 
script designed to standardize segmentation. 
Regional thickness sites (33% and 66% of muscle 
length) were chosen to ensure reliability of muscle 
thickness measures, as visual differences between 
scans were occasionally observed in more distal 
and proximal regions due to measurement error. 
Once the ultrasound image was uploaded, the 
image was first scaled and leveled before a polygon 
tool was used to trace the aponeurosis of the elbow 
flexors. The image was then cropped, removing the 
background, and converted into an 8-bit image. 
Segmentation was then accomplished using a 
custom script designed to split the image into three 
distinct regions (refer to supplementary materials) 
(Figure 2).

Finally, Muscle thickness at 33% and 66% of 
muscle length was traced using the line tool and 
then quantified using the Measure function. All 
scans were performed and analyzed by the same 

Figure 1. Panoramic B-mode ultrasound scan of the elbow flexors. The left side of the images shows the proximal 
region of the elbow flexors, and the right side of the images shows the distal region of the elbow flexors. The first (a) 
and second (b) scans were performed at the same time point, but some variation in the scans is visible.
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investigator.

Dynamic Warm Up

Participants performed a dynamic whole-body 
warm-up before all strenuous exercise to ensure 
adequate preparation for the upcoming task. 
This warm-up consisted of various bodyweight 
movements designed to gradually increase core 
body temperature throughout extremely low-
intensity activity. The warm-up consisted of a total of 
7 exercises, all performed for 8 repetitions with no 
external load.

Exercise Procedures

Lengthened Cable Curl: The lengthened cable 
curl using a cable machine (Titan Fitness, Item No. 
400868) was performed in the LONG and MIXED 
conditions. Participants were seated on an incline 
bench facing away from the cable machine such 
that when grasping the cable machine handle 
with the palm facing away from the machine, 
the shoulder was extended to approximately 
30 degrees as measured by a goniometer. At 
pre-testing, the distance between the incline 
bench and the cable machine that allowed for 
this shoulder extension angle was recorded for 
each arm for each participant, and kept constant 
throughout the intervention. The seat was placed 
so that the training limb was in line with the cable, 
and the cable was set at the level of the malleoli 
of the participant. The repetition was initiated by 
flexing the elbow and continuing until maximum 
elbow flexion was achieved before returning to 
the starting position. Participants were instructed 
to keep the forearm supinated, limit abduction of 
the humerus, and to maintain shoulder extension. 
The position of the cable was such that most 
participants experienced peak torque near the 

starting position, but the angle of the cable relative 
to the hand was not individualized (Figure 3). The 
lack of individualization resulted in peak torque 
varying between participants due to anthropometric 
differences. For these reasons, Figures 3 and 
4 are not exact representations of where peak 
torque occurred for all participants. Despite not 
individualizing cable height, most participants 
tended to fail repetitions near the starting position. 
The feet remained on the floor, and the glutes, 
lower back, and shoulders maintained contact with 
the incline bench throughout the movement. The 
participant was allowed to use the opposite (non-
exercising) limb to hold the seat of the bench for 
stability.

Shortened Cable Curl: In the MIXED condition, 
participants performed half of the sets on the 
lengthened cable curl (as described above) and 
the other half on the shortened cable curl using a 
cable machine (Titan Fitness, Item No. 400868). 
For the shortened cable curl, participants were 
standing facing the cable machine such that 
when grasping the cable machine handle with 
the palm facing upward, the shoulder was flexed 
to approximately 90 degrees as measured by a 
goniometer. An incline bench was placed in front 
of the participant, with the height adjusted so that 
the elbow of the exercising limb rests on top of 
the bench. At pre-testing, the incline of the bench 
and the height of the cable, which allow for this 
position, were measured and kept constant for 
each arm throughout the intervention. The repetition 
was initiated by flexing the elbow and continuing 
until maximum elbow flexion was achieved before 
returning to the starting position. Participants were 
instructed to keep the forearm supinated and to 
limit abduction of the humerus. The position of the 
cable was such that most participants experienced 
peak torque near the ending position, but the 

Figure 2. The left side of the images shows the proximal region of the elbow flexors, and the right side of the imag-
es shows the distal region of the elbow flexors. The total cross-sectional area of the muscle (a) and the segmented 
ultrasound scan of the elbow flexors are shown above (b). Muscle thickness was measured at 33% and 66% of the 
scan as indicated by white lines (b).
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cable height was not individualized (Figure 4). The 
lack of individualization resulted in peak torque 
varying between participants due to anthropometric 
differences. For these reasons, Figures 3 and 
4 are not exact representations of where peak 
torque occurred for all participants. Despite not 
individualizing where cable height occurred, most 
participants tended to fail repetitions near the 
ending position. The feet remained on the floor, 
and the elbow remained on the bench throughout 
the movement. The participant was allowed to hold 
the bench with their opposite (non-exercising) limb 
to aid with stability. For each participant, the cable 
was marked with a piece of tape at the point the 
individual reached maximal elbow flexion. Thus, a 
failed repetition was defined as a repetition in which 
the portion of the cable that has been marked does 
not exit the pulley due to insufficient ROM being 
performed.

Dynamic Strength Testing

Unilateral dynamic strength testing (8-12 RM) 
was performed for lengthened cable curl for 
both limbs, then the shortened cable curl for both 
limbs. The limb performing the strength test first 
was randomized, with the same order performed 
for the same limb at both pre- and post-testing. 
All participants began with the dynamic warm-up 
described above, followed by an exercise-specific 
warm-up. For the exercise-specific warm-up, 50% of 
the participants estimated 10RM was completed for 
8 repetitions, followed by 75% of estimated 10RM 
for 4 repetitions. Then, participants were given 2 
minutes rest before a final warm-up set of 100% of 
the estimated 10RM for 2 repetitions. After the final 
warm-up, a 3-minute rest period was given before 
the participant performed the dynamic strength 
test consisting of an 8-12 RM attempt. Participants 

Figure 3. The starting position (a) and the ending position (b) of the lengthened cable curl.

Figure 4. The starting position of the shortened cable curl (a) and the ending position (b) of the shortened 
cable curl.
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rated RIR at the conclusion of each set. If multiple 
attempts were needed, load was increased with 
each attempt, using the investigator’s judgment 
along with participant-rated RIR, with 3 minutes of 
rest between each attempt. Following the 8-12 RM 
determination on the starting limb for the lengthened 
cable curl, 5 minutes rest were given before an 
identical protocol for the opposite limb. Then, 
another 5 minutes rest was given before an identical 
protocol for the shortened cable curl using the 
same limb that was tested first for the first exercise, 
followed by a final 5-minute rest period before an 
identical protocol for the opposite limb on the 
shortened cable curl. Eleiko lifting discs (Chicago, 
IL, USA), calibrated to the nearest 0.25kg, were 
used for all testing.

Isometric Strength Testing

Unilateral Isometric strength testing consisted 
of performing two 3-second maximal isometric 
contractions at 70, 90, and 120 degrees of elbow 
flexion for each limb, with a two-minute rest 
between trials and a four-minute rest between 
limbs. A D-handle cable attachment was linked 
by a chain to an anchored load cell (Honeywell 
Model 125 S-type/z-beam Load Cell, (06-K627-
03), Charlotte, NC, USA) with a sampling rate of 
1kHz to measure isometric force. Participants were 
seated in a chair at a distance from the anchored 
load cell holding the D-handle such that the specific 
degree of elbow flexion (70, 90, or 120 degrees) 
was achieved as measured by a goniometer. The 
elbow was braced against the arm of the chair. The 
instantaneous peak force value for each 3-second 
isometric contraction was recorded and used for 
further analysis. Both peak force values were used 
in the model to improve statistical power (26). The 
limb performing the test first was randomized but 
remained consistent at both pre- and post-testing 
for each participant. Participants were instructed 
to curl the handle as fast and hard as possible for 
approximately 2 seconds after the cue, “Ready, set, 
go!”

Session Rating of Perceived Exertion (sRPE)

The sRPE scale was completed by participants 
immediately following the completion of each 
protocol on either limb to gauge the difficulty and 
fatigue for each limb individually (4). This scale was 
a 0-10 scale with “0” indicating the participants 
were at “rest,” meaning they used no effort, and a 
score of “10” indicating “maximal effort”. This rating 
was collected for each limb for each session.

Perceived Soreness

A subjective muscle soreness scale was completed 
by each participant prior to each training session 
for the biceps of each individual limb. This was a 
0-6 scale with “0” indicating the participants had a 
complete absence of soreness and a score of “6” 
indicating a severe pain that limits their ability to 
move (19).

Statistical Analysis

All analyses were conducted in R language and 
environment for statistical computing (v 4.3.0; 
R Core Team, (https://www.r-project.org/). In 
addressing our research questions, we avoided 
dichotomizing the findings and did not employ 
traditional null hypothesis significance testing, 
which has been extensively critiqued (1,9,29). 
Specifically, we aimed to avoid dichotomizing 
potentially relevant outcomes by employing a 
statistical model that analyzed effects and their 
conditional probabilities continuously. We took 
an estimation-based approach within a Bayesian 
framework in which all outcomes compatible with the 
data were considered, with the greatest emphasis 
placed on the point estimates using the “brms”, 
“tidybayes”, and “marginaleffects” packages (12). 
Each model was fitted with the default uninformed 
priors and used four Monte Carlo Markov Chains 
with 2000 warmup and 2000 sampling iterations. 
Before extracting any estimates, each model was 
visually examined via trace plots to inspect chain 
convergence and posterior predictive checks to 
examine model validity. For the parameters of 
interest from each model (i.e., marginal effects 
for condition or the two-way interaction between 
condition and site, exercise, or session), draws 
were taken from the posterior distribution to 
construct a probability density function (i.e., mode 
and associated highest density intervals) that 
was used to make probabilistic inferences. The 
probability density functions related to the primary 
research questions were also compared to a region 
of practical equivalence (ROPE) defined by the 
typical error of measurement (25,30). For dynamic 
strength outcomes, the typical error of measurement 
was calculated from the differences between limbs 
at baseline, which assumes a negligible systematic 
bias between limbs.

Elbow Flexor CSA, MT, Isometric Force, Dynamic 
Strength, and Arm Circumference

To compare changes in the primary training 

https://www.r-project.org/
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outcomes between conditions (i.e., elbow flexor 
cross-sectional area, muscle thickness, isometric 
force, dynamic strength, and arm circumference), 
Bayesian linear mixed effect models were 
constructed to mimic an analysis of covariance (i.e., 
ANCOVA) with an adjustment for the baseline score 
of the dependent variable. Specifically, the fixed 
effects included time, phase, sex, the interaction 
between time and condition, and the interaction 
between time and phase. For the models examining 
regional adaptations (i.e., MT, isometric force, and 
arm circumference) and dynamic strength, an 
additional categorical variable (i.e., site or exercise) 
and its interactions with time, phase, and the time 
by condition interaction were included in the model. 
As each model contained multiple observations 
per participant and limb, these variables were 
included as nested random intercepts. Each model 
was fit with a maximal random effect structure 
(2,16). Where possible, multiple measurements per 
occasion were included in the model to improve 
statistical precision (26).

Test-Retest Reliability

To assess the test-retest reliability of strength 
and hypertrophy measurements, the intraclass 
correlation coefficient (ICC) estimates and their 
95% confidence intervals were calculated with the 
“SimplyAgree” package using a two-way random 
effects model, absolute agreement, single measures 
(ICC[2,1]). The standard error of measurement 
(SEM) and coefficient of variation (CV) were also 
calculated to further inform measurement reliability. 
For total CSA, total force, regional MT, and regional 
force the two measurements performed at the same 
occasion were compared. For dynamic strength and 
arm circumference, the differences between limbs 
at the baseline measurement of both phases were 
compared, which assumes a negligible systematic 
difference between limbs.

Session RPE and Perceived Soreness

To compare longitudinal trends in the subjective 
perceptions of fatigue (i.e., session RPE and 
perceived elbow flexor soreness) between 
conditions, Bayesian linear mixed effect models 

with a Gaussian response distribution were fit. 
Despite the ordinal nature of the scales, we chose 
to model their effects with an identity link function to 
maintain intuitive interpretation rather than reporting 
predicted probabilities of each response category. 
The fixed effects included session, phase, condition, 
and all of their corresponding two-way interactions. 
As each model contained multiple observations per 
participant and limb, these variables were included 
as nested random intercepts. Each model was fit 
with a maximal random effect structure.

RESULTS

Descriptives

Descriptive summaries (i.e., mean ± standard 
deviation) of participant characteristics are located 
in Table 3. Details of the participants’ previous 
training history and performance throughout the 
present training intervention are available in the 
supplementary materials.

Total CSA

The test-retest reliability (i.e., ICC(2,1)) for total 
CSA was 0.97 (95% CI: 0.94–0.98). The SEM 
was 2.81 cm, and the CV was 4.08%. The modal 
estimates of the posterior distributions suggest 
that both conditions demonstrated meaningful 
increases in total elbow flexor CSA. Specifically, 
he LONG condition observed an increase of 6.01 
cm2 [95% HDI: -1.64, 14.66] with 93.75% and 
80.12% probabilities of the change being greater 
than a null effect and the ROPE, respectively. The 
MIXED condition observed a modal increase of 
3.18 cm2 [95% HDI: -5.66, 12.69] with 78.45% and 
55.51% probabilities of the change being greater 
than a null effect and the ROPE, respectively. The 
modal estimate for the contrast between conditions 
was 2.58 cm2 [HDI: -4.1, 9.01] with an 81.11% 
probability of the difference exceeding a null 
effect. The probability that the difference between 
conditions exceeded the ROPE was 48.96%. These 
results are visualized in Figure 5.
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Table 3. Participant Characteristics

Age (years) Pre Body 
Mass (kg)

Post Body 
Mass (kg) Height (cm) Pre Body 

Fat (%)
Post Body 

Fat (%)

Training 
Experience 

(yrs)

23.00 ± 2.00 83.18 ± 
15.22

83.95 ± 
15.44

171.29 ± 
8.54 16.70 ± 4.45 17.65 ± 5.01 5.43 ± 2.14
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Total Isometric Strength

The test-retest reliability (i.e., ICC(2,1)) for total 
isometric strength was 0.99 (95% CI: 0.98–0.99). The 
SEM was 2.48 kg, and the CV was 3.02%. The modal 
estimates of the posterior distributions suggest that 
both conditions demonstrated an increase in total 
elbow flexor isometric force. Specifically, the LONG 
condition observed a modal increase of 1.03 kg 
[95% HDI: -4.42, 7.39] with 70.03% and 33.52% 
probabilities of the change being greater than a 
null effect and the ROPE, respectively., The MIXED 
condition observed a modal increase of 0.69 kg 
[95% HDI: -4.94, 7.24] with a 62.45% and 28.51% 
probabilities of the change being greater than a 
null effect and the ROPE, respectively. The modal 
estimate for the contrast between conditions was 
0.38 kg [HDI: -2.48, 3.61] with a 62.75% probability 
of the difference exceeding a null effect. The 
probability that the difference between conditions 
exceeded the ROPE was 8.59%. These results are 
visualized in Figure 6.

Regional MT

The test-retest reliability (i.e., ICC(2,1)) for regional 
muscle thickness was 0.96 (95% CI: 0.94–0.97). The 
SEM was .16 cm, and the CV was 4.38%. The modal 
estimates of the posterior distributions suggest that 
both conditions demonstrated increases in both 
regions of elbow flexor MT. Specifically, the LONG 
condition observed modal changes of 0.07 cm [95% 
HDI: -0.25, 0.39] and 0.1 cm [95% HDI: -0.22, 0.45] 

for the proximal and distal regions, respectively. 
These changes resulted in 67.12% and 0% 
(proximal), and 75.64% and 0% (distal) probabilities 
of being greater than a null effect and the ROPE, 
respectively. The MIXED condition observed modal 
changes of 0.08 cm [95% HDI: -0.27, 0.49] and 
0.1 cm [95% HDI: -0.28, 0.53] for the proximal 
and distal regions, respectively. These changes 
resulted in 74.66% and 0% (proximal), and 73.28% 
and 0% (distal) probabilities of being greater than a 
null effect and the ROPE, respectively. The modal 
estimates for the contrasts between conditions 
were -0.04 cm [95% HDI: -0.33, 0.23] and 0 cm 
[95% HDI: -0.31, 0.3] for the proximal and distal 
regions, respectively. These contrasts resulted in 
65.26% and 53.42% probabilities that the difference 
exceeded a null effect for the proximal and distal 
regions, respectively. The probability of these 
differences between conditions exceeded the 
ROPE was 0% and 0% for the proximal and distal 
regions, respectively. These results are visualized in 
Figure 7.

Regional Force

The test-retest reliability (i.e., ICC(2,1)) for regional 
force was 0.97 (95% CI: 0.96–0.97). The SEM 
was 1.39 kg, and the CV was 5.07%. The modal 
estimates of the posterior distributions suggest 
that neither condition demonstrated consistent 
increases in isometric force. Specifically, the 
LONG condition observed modal changes of 0.88 
kg [95% HDI: -1.49, 3.33], -0.46 kg [95% HDI: 

Figure 5. Posterior distributions for A) within and b) between condition changes in total elbow flexorcross-sectional 
area. Vertical dashed lines represent the region of practical equivalence (i.e., ROPE) defined by typical measure-
ment error. Black dot and intervals represent the modal estimate and highest density intervals (66 and 95%) from the 
posterior distribution.
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Figure 6. Posterior distributions for A) within and b) between condition changes in total elbow flexor force. Vertical 
dashed lines represent the region of practical equivalence (i.e., ROPE) defined by typical measurement error. Black 
dot and intervals represent the modal estimate and highest density intervals (66 and 95%) from the posterior distribu-
tion.

Figure 7. Posterior distributions for changes in regional elbow flexor muscle thickness. Vertical dashed lines repre-
sent the region of practical equivalence (i.e., ROPE) defined by typical measurement error. Black dot and intervals 
represent the modal estimates and highest density intervals (66 and 95%) from the posterior distribution.
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-2.9, 2.18], and 1.05 kg [95% HDI: -1.95, 3.82] for 
shortened, middle, and lengthened, respectively. 
These changes resulted in 78.61% and 32.45% 
(shortened), 63.44% and 19.4% (middle), and 
77.11% and 38.11% (lengthened) probabilities 
of being greater than a null effect and the ROPE, 
respectively. The MIXED condition observed modal 
changes of 1.38 kg [95% HDI: -1.37, 3.78], 0.11 
kg [95% HDI: -3.01, 2.74], and -0.52 kg [95% HDI: 
-3.71, 2.67] for shortened, middle, and lengthened, 
respectively. These changes resulted in 84.25% and 
44.94% (shortened), 52.29% and 16.34% (middle), 
and 60.72% and 24.88% (lengthened) probabilities 
of being greater than a null effect and the ROPE, 
respectively. The modal estimates for the contrasts 
between conditions were -0.33 kg [95% HDI: -1.77, 

1.19], -0.44 kg [95% HDI: -2, 1.46], and 1.36 kg 
[95% HDI: -0.49, 3.23] for shortened, middle, and 
lengthened, respectively. These contrasts resulted 
in 68.61%, 64.9%, and 93.56% probabilities of the 
difference exceeding a null effect for shortened, 
middle, and lengthened, respectively. The 
probability these differences between conditions 
exceeded the ROPE was 7.5%, 9.21%, and 
49.41% for the shortened, middle, and lengthened, 
respectively. These results are visualized in Figure 
8.

Dynamic Strength

The test-retest reliability (i.e., ICC(2,1)) for dynamic 
strength was 0.96 (95% CI: 0.89–0.97). The SEM 

Figure 8. Posterior distributions for changes in regional elbow flexor isometric strength. Vertical dashed lines repre-
sent the region of practical equivalence (i.e., ROPE) defined by typical measurement error. Black dot and intervals 
represent the modal estimates and highest density intervals (66 and 95%) from the posterior distribution.
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was 2.1 kg, and the CV was 6.49%. The modal 
estimates of the posterior distributions suggest that 
both conditions demonstrated meaningful increases 
in dynamic strength. Specifically, the LONG 
condition observed modal changes of 3.67 kg 
[95% HDI: -0.77, 7.65] and 6.93 kg [95% HDI: 2.37, 
11.86] for the shortened and lengthened cable curl, 
respectively. These changes resulted in 95.76% 
and 76.99% (shortened cable curl), and 99.51% 
and 97.86% (lengthened cable curl) probabilities 
of being greater than a null effect and the ROPE, 
respectively. The MIXED condition observed modal 
changes of 5.44 kg [95% HDI: 0.59, 9.78] and 6.57 
kg [95% HDI: 0.35, 11.77] for the shortened and 
lengthened cable curl, respectively. These changes 
resulted in 98.52% and 92.31% (shortened cable 
curl), and 98.49% and 93.86% (lengthened cable 
curl) probabilities of being greater than a null effect 
and the ROPE, respectively. The modal estimates 
for the contrasts between conditions were -1.77 kg 
[95% HDI: -4.29, 0.82] and 0.52 kg [95% HDI: -3.1, 
4.45] for the shortened and lengthened cable curl, 
respectively. These contrasts resulted in 91.27%, 
65.5% probabilities of the difference exceeding a 
null effect for the shortened and lengthened cable 

curl, respectively. The probability the difference 
between conditions exceeded the ROPE was 
35.27%, and 18.96% for the shortened and 
lengthened cable curl, respectively. These results 
are visualized in Figure 9.

Arm Circumference

The test-retest reliability (i.e., ICC(2,1)) for arm 
circumference was 0.98 (95% CI: 0.93–0.99). The 
SEM was .38 mm, and the CV was .98%. The modal 
estimates of the posterior distributions suggest 
that gains in arm circumference seemed to be 
site-dependent. Specifically, the LONG condition 
observed modal changes of 0.14 mm [95% HDI: 
-1.45, 1.69], 0.58 mm [95% HDI: -1.2, 2.06], and 
1.04 mm [95% HDI: -0.67, 2.85] for the proximal, 
middle, and distal regions, respectively. These 
changes resulted in 59.2% and 38.3% (proximal), 
75.56% and 57.44% (middle), and 89.21% and 
79.56% (distal) probabilities of being greater than a 
null effect and the ROPE, respectively. The MIXED 
condition observed modal changes of -0.28 mm 
[95% HDI: -2.18, 1.74], 0.08 mm [95% HDI: -1.99, 
2.09], and 0.44 mm [95% HDI: -1.98, 2.31] for the 

Figure 9. Posterior distributions for changes in elbow flexor dynamic strength. Vertical dashed lines represent the 
region of practical equivalence (i.e., ROPE) defined by the typical error of measurement. Black dot and intervals rep-
resent the modal estimates and highest density intervals (66 and 95%) from the posterior distribution.
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proximal, middle, and distal regions, respectively. 
These changes resulted in 60.79% and 44.19% 
(proximal), 53.52% and 37.29% (middle), and 
59.03% and 44.8% (distal) probabilities of being 
greater than a null effect and the ROPE, respectively. 
The modal estimates for the contrasts between 
conditions were 0.33 mm [95% HDI: -0.92, 1.95], 
0.46 mm [95% HDI: -1.06, 1.9], and 0.89 mm [95% 
HDI: -0.74, 2.4] for the proximal, middle, and distal 
regions, respectively. These contrasts resulted in 
74.26%, 74.95%, and 87.06% probabilities of the 
difference exceeding a null effect for the proximal, 
middle, and distal regions, respectively. The 
probability these differences between conditions 
exceeded the ROPE was 52.19%, 54.39%, and 
72.96% for the proximal, middle, and distal regions, 

respectively. These results are visualized in Figure 
10.

Subjective Fatigue (sRPE and Soreness)

The modal estimates of the posterior distributions 
suggest that there were no meaningful differences 
in the perception of fatigue between conditions. 
Specifically, the modal estimate of session RPE was 
4.87 a.u. [95% HDI: 3.38, 6.45] and 4.97 a.u. [95% 
HDI: 3.38, 6.47] for the Long and MIXED conditions, 
respectively. The modal estimate of the contrast 
in the change in session RPE over time between 
conditions was -0.15 a.u. [95% HDI: -0.77, 0.66] 
with a 57.34% probability of exceeding a null effect. 
Similarly, the modal estimate of soreness was 0.33 

Figure 10. Posterior distributions for changes in regional arm circumference. Vertical dashed lines represent the 
region of practical equivalence (i.e., ROPE) defined by typical measurement error. Black dot and intervals represent 
the modal estimates and highest density intervals (66 and 95%) from the posterior distribution.
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a.u. [95% HDI: -0.57, 1.24] and 0.26 a.u. [95% HDI: 
-0.63, 1.2] for the Long and MIXED conditions, 
respectively. The modal estimate of the contrast 
in the change in soreness over time between 
conditions was 0.16 a.u. [95% HDI: -0.16, 0.46] with 
an 81.51% probability of exceeding a null effect.

DISCUSSION

The aim of this study was to compare changes in 
biceps strength and muscle size and temporal 
fatigue between training at only longer muscle 
lengths (LONG) to at both short and long muscle 
lengths (MIXED) in trained males and females. We 
hypothesized that participants would experience 
greater distal hypertrophy in the LONG condition. 
Additionally, we hypothesized that strength gains 
would be specific to the training style (i.e., greater 
strength gains at longer muscle lengths in LONG) 
and that temporal fatigue would be lower in MIXED. 
Our hypotheses were not supported and our 
main findings were: 1) there were no meaningful 
differences between conditions in regional or whole 
muscle hypertrophy (hypotheses not supported), 2) 
there were no meaningful differences in dynamic 
and isometric strength gains between conditions 
(hypothesis not supported), and 3) markers of 
fatigue were not different between conditions 
(hypothesis not supported). Overall, these findings 
suggest that performing exercises at only longer 
muscle length produces no meaningful difference in 
regional MT, whole muscle CSA, dynamic strength, 
isometric strength, and markers of fatigue compared 
to performing exercises at both shorter and longer 
muscle lengths if training volume and proximity to 
failure are matched.

Both training conditions resulted in meaningful 
increases in total elbow flexor CSA (both >50% 
probability of exceeding ROPE). Participants in 
LONG experienced greater CSA increases than 
MIXED, but the difference was not considered 
meaningful due to a 48.96% probability of 
exceeding ROPE. The marginal difference favoring 
the LONG condition may be interpreted as evidence 
supporting the body of literature showing greater 
increases in whole muscle hypertrophy following 
training at long muscle lengths (8,10,11,17,18). 
Despite this, the absence of meaningful differences 
in total CSA is more closely aligned with research 
that has reported a non-significant between-group 
difference in whole muscle hypertrophy between 
training at longer muscle lengths or shorter muscle 
lengths (23,34). Further, it should be noted that 

although our analysis consisted of 14 observations 
per condition in a within-participant design, a larger 
sample size is likely required to effectively detect 
the small effect for muscle growth that might be 
expected from training different muscle lengths 
compared to only long muscle lengths. Therefore, 
the present results should be interpreted with 
caution.

The regional MT outcomes of the present study did 
not support our prediction that the LONG condition 
would lead to greater changes in distal MT and that 
the MIXED condition would lead to greater changes 
in proximal MT. No difference was detected 
between conditions for the distal MT and there 
was a trivial difference in proximal MT that favored 
the MIXED condition, but it was not considered 
meaningful. The lack of difference in regional 
MT did not reflect the small differences in total 
CSA that favored the LONG condition. We would 
expect the LONG condition’s modal estimates of 
muscle thickness at one or either of the sites to be 
greater, given the directionality of the total CSA 
modal estimates. Previous research reports that 
distal portions of muscle may experience greater 
hypertrophy from longer muscle length training 
(17,18,8). The discrepancy between regional MT 
and total CSA outcomes could be due to limiting MT 
measurement to 2 sites (33% and 66% of muscle 
length) or measurement error. Also, it should be 
noted that our method for measuring regional MT is 
novel and has not been validated against magnetic 
resonance imaging; therefore, results should be 
interpreted with caution.

Arm circumference outcomes provided questionable 
support for the LONG condition. The difference 
in changes in distal circumference between 
conditions was considered meaningful in favor of 
the LONG condition (72.96% probability > ROPE). 
The differences at both the proximal and middle 
sites were also meaningful and favored the LONG 
condition, but to a lesser extent than the distal site. 
The differences in arm circumference in favor of the 
LONG condition reflected the directionality of trivial 
changes in total CSA. It is important to note that the 
MIXED condition had a loss of circumference at the 
proximal site (-0.28 mm [95% HDI: -2.18, 1.74]), 
likely leading to the meaningful differences between 
the MIXED and LONG condition despite the changes 
in proximal circumference for the LONG condition 
not being meaningful (38.3% probability > ROPE). 
The lack of meaningful changes at the proximal 
site is interesting, but are consistent with changes 
of proximal hypertrophy reported in research using 
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more resistance at longer muscle lengths as well as 
training at longer muscle lengths (17,18,23). Still, 
circumference measurements are a limited proxy of 
hypertrophy and do not account for changes in fat 
tissue, subcutaneous swelling, or other sources of 
measurement error. Therefore, arm circumference 
findings should be interpreted with caution and are 
of questionable relevance.

Dynamic strength outcomes were not meaningfully 
different between conditions on either the 
lengthened cable curl or the shortened cable curl. 
The MIXED condition demonstrated marginally 
greater increases in strength compared to the 
LONG condition in the shortened cable curl. Still 
these results should be interpreted with caution as 
the differences in the lengthened cable curl (0.52 
kg [95% HDI: -3.1, 4.45]) and shortened cable 
curl (-1.77 kg [95% HDI: -4.29, 0.82]) were not 
considered meaningful (18.96% probability > ROPE 
and 35.27% probability > ROPE, respectively). 
Our analysis would suggest there is no meaningful 
effect for using specific joint angles or specific 
muscle lengths to influence strength gains for a 
given exercise. Conversely, previous research 
reports that changes in strength reflect the specific 
ROM and even torque emphasis used while training 
(15,32).

Our investigation of isometric strength found that 
total changes in isometric strength marginally 
favored the LONG condition, but the difference 
between conditions was not considered meaningful 
(8.59% probability > ROPE). The changes in 
regional force were not substantial enough to be 
meaningful at a shortened (110° of elbow flexion), 
middle (90° of elbow flexion), and lengthened (70° 
of elbow flexion) positions of elbow flexion for the 
LONG condition or for the MIXED condition. It is 
worth noting that despite no meaningful increase 
in regional force, the LONG condition was stronger 
at the lengthened position (1.36 kg [95% HDI: 
-0.49, 3.23], 49.41% probability > ROPE). Indeed, 
previous research (15) has observed an increase in 
lengthened isometric strength following training with 
greater resistance at longer muscle lengths. Nunes 
et al. compared training preacher curls with a cable 
machine (torque emphasis at a short muscle length) 
or barbell (torque emphasis at a long muscle 
length) and found that isometric strength at 20° of 
elbow flexion was significantly greater for the group 
performing barbell preacher curls after 10 weeks of 
training (Cable: 30%; Barbell = 39%; p = 0.046). The 
results of the Nunes et al. align with the principle of 
specificity, but due to the paucity of research and 

the lack of meaningful differences in our study more 
research should be done to explore the relationship 
between training with greater resistance at long 
muscle lengths and changes in isometric strength 
at longer muscle lengths.

There was no meaningful difference detected 
in session RPE and subjective soreness rating 
between conditions. The modal values for perceived 
soreness (0.33 a.u. [95% HDI: -0.57, 1.24] and 0.26 
a.u. [95% HDI: -0.63, 1.2]) for the LONG and MIXED 
conditions suggest that participants experienced 
very little elbow flexor soreness throughout the 
training protocol. Also, the modal differences 
for session RPE showed virtually no difference 
in perception of difficulty for either condition. 
In contrast to our findings, previous evidence 
suggests training at longer muscle lengths leads 
to greater muscle damage than shorter muscle 
lengths (14). Nosaka et al. used a combination of 
subjective (perceived soreness) and objective 
markers (creatine kinase and isometric strength 
changes), which may be more sensitive to changes 
in soreness and fatigue. Also, the training protocol 
used by Nosaka et al. consisted of only eccentric 
actions, which could lead to larger differences 
in perceptions of soreness. It is possible that the 
training protocol used in our study did not cause 
sufficient muscle damage, or our subjective proxies 
of soreness and fatigue were not sensitive enough 
to detect differences. Therefore, we encourage 
caution in extrapolating the lack of between-group 
differences in soreness and fatigue to exercises that 
utilize more muscle mass (e.g., squatting pattern 
variations). Further, both conditions performed 
lengthened cable curls, which could have mitigated 
any difference in perceptions of soreness or session 
RPE.

A small sample size may have caused our analysis 
to have insufficient power/precision for the detection 
of small effects. Given this limitation, interpretation 
of all outcomes should be made with caution. 
Further, the sample consisted of well-trained 
individuals, which may explain small changes in 
hypertrophy outcomes marginalized over both 10-
week training periods. The washout period (6-8 
weeks) was not controlled between participants, but 
participants were asked to return to their habitual 
training being performed prior to the study (thus, 
within participant training was controlled), which 
could have contributed further to the lack of clear 
changes in hypertrophy outcomes. Dietary intake 
was not monitored during the training intervention 
aside from whey supplementation, which could 
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have influenced hypertrophy outcomes. Further, 
the difference in the training programs between 
conditions was intentionally made to reflect an 
ecologically valid comparison. Consequently, the 
proportion of the training program that was different 
between conditions was modest, potentially 
reducing the expected effect size, making it harder 
to detect with small sample sizes.

Other limitations include not individualizing cable 
height in the bicep curl setup, as it may have 
resulted in some participants experiencing peak 
torque at different muscle lengths. The difference 
in peak torque could cause heterogeneity in 
the mechanical stimulus experienced between 
participants possibly influencing hypertrophy and 
strength outcomes. Despite not individualizing 
cable height, most participants experienced failure 
closer to the starting position in the lengthened 
cable curl and closer to the ending position on the 
shortened cable curl. Additional measurement error 
may have occurred from using panoramic b-mode 
ultrasonography to measure total CSA. The validity 
and reliability of panoramic ultrasound for measuring 
skeletal muscle can vary based on the muscle site 
measured and the experience of the investigator 
(6). Using ImageJ to segment panoramic ultrasound 
scans is a novel method of measuring regional MT. 
Longitudinal changes in regional MT could have 
been attributed to differences in the segmentation 
process, independent of muscle growth or other 
errors in measurement. Also, these results cannot 
be extrapolated to other exercises or muscles.

CONCLUSION

In summary, regional muscle thickness at 33% 
and 66% of the elbow flexor length and isometric 
strength did not meaningfully increase for either 
condition. There was no meaningful difference in 
dynamic strength between the LONG and MIXED 
conditions, despite meaningful increases for both 
conditions. There was no meaningful difference 
in whole muscle CSA between LONG and MIXED 
conditions, despite meaningful increases in both 
training conditions. However, there were meaningful 
differences in arm circumference outcomes that 
favored the LONG condition at 30%, 50% and 70% 
of arm length. It is important to emphasize that the 
accretion of muscle mass is not the only potential 
contribution to arm circumference and is likely less 
sensitive to accurate training effects. Differences 
in session RPE and soreness were not meaningful 
between conditions, indicating similar fatigue and 

perceptual responses to the two training conditions. 
Given the lack of meaningful differences between 
conditions and the questionable relevance of 
circumference measurements, it seems that 
neither training condition provides clearly superior 
outcomes for hypertrophy, strength, or perceptual 
fatigue.
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