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Results Significant (P < 0.05) gains for isometric (TP 
15%, DUP 13%) and isokinetic-concentric (TP 8%, DUP 
10%) MVC and knee extensor 1RM (TP 18%, DUP 24%) 
occurred post training. VL and RF-muscle thickness 
showed significant (P < 0.05) increases ranging from 12 
to 20% for TP and from 13 to 19% for DUP. Furthermore, 
significant (P < 0.05) increases in VL-pennation angle and 
VL-fascicle length occurred in both legs while QF EMG 
remained unchanged. No significant temporal differences 
were found between both models, displaying similar small 
to large effect sizes.
Conclusion Periodization is no adaptation trigger dur-
ing short-term resistance training with equated exercise 
variables.

Keywords Muscle architecture · Resistance exercise · 
Stimuli periodization · Short-term adaptations · Single-leg 
training · Ultrasonography

Abbreviations
1RM  One repetition maximum
DUP  Daily undulating periodization
EMG  Electromyography
MVC  Maximal voluntary contraction
RF  Rectus femoris
TP  Traditional periodization
VL  Vastus lateralis
VM  Vastus medialis

Introduction

Periodization of resistance exercise programs refers to sys-
tematically manipulating training variables such as vol-
ume and load and has regularly been applied in various 

Abstract 
Purpose During resistance training, volume and load can 
be altered either gradually (traditional periodization: TP) or 
with frequent changes between subsequent sessions (daily 
undulating periodization: DUP). We hypothesized that 
the periodization model employed would not impact upon 
training-induced adaptations when exercise variables are 
equated.
Methods Nineteen females (22.0 years, moderate resist-
ance training experience of 27.9 months) performed 
6 weeks of knee extensor training with 3 weekly sessions 
exercising one leg using TP and the contralateral leg using 
DUP. Training load varied between 40, 60, and 80% of one 
repetition maximum (1RM). Volume, range of motion, and 
time under tension were equated for each leg with a bio-
feedback software. Dynamometry, surface EMG and ultra-
sonography were used to determine temporal changes of 
knee extensor maximum voluntary strength (MVC), neural 
drive of the M. quadriceps femoris (QF) and vastus lateralis 
(VL) and rectus femoris (RF) muscle architecture.
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populations and training periods (Prestes et al. 2009; Simão 
et  al. 2012; Bartolomei et  al. 2014; Ullrich et  al. 2015). 
Currently, traditional (TP) and daily undulating (DUP) 
periodization models are frequently discussed in the litera-
ture (Lima et al. 2012; Simão et al. 2012; Bartolomei et al. 
2014; Ullrich et al. 2016). Characteristically for TP, train-
ing load increases gradually with concomitant reductions 
in training volume while undulating periodization models 
apply daily or weekly modifications of both volume and 
load (Poliquin 1988; Rhea et  al. 2003; Kok et  al. 2009). 
Major assumptions of undulating periodization are that 
more frequent changes of volume and load might induce 
larger neural and structural adaptations and furthermore 
may counteract fatigue during prolonged training periods 
(Poliquin 1988; Hoffman et al. 2009).

However, the current empirical basis to prove these 
mechanisms is poor (Mattocks et  al. 2016) and the most 
effective resistance training periodization model for differ-
ent populations is yet to be determined (Harries et al. 2015; 
Ullrich et al. 2015, 2016). Furthermore, a recent literature 
review has questioned that periodized short-term resistance 
training augments muscle growth over that achieved with 
progressive-load non-periodized regimens (Mattocks et al. 
2016). In line with previous research (Kok et al. 2009; Ull-
rich et  al. 2015), we noted several methodological limita-
tions for studies examining periodization effects. These are 
related to the equation of training volume and load, con-
trol of the exercise variables, and use of untrained subjects 
(Monteiro et al. 2009; Apel et al. 2011; Simão et al. 2012; 
Harries et al. 2015; Ullrich et al. 2016). In addition, much 
work reported performance outcomes, but did not study 
neural or structural adaptations (Harries et al. 2015). Toigo 
and Boutellier (2006) recommended controlling for key 
exercise variables that trigger neuromuscular adaptations 
during resistance training such as time under tension, range 
of motion, duration of the positive and negative phases, 
and contraction velocity. Unfortunately, these variables 
have been rarely controlled when comparing periodization 
models (Ullrich et  al. 2015). In contrast, most resistance 
training periodization studies have aimed to match athletic 
training conditions (Rhea et al. 2002; Fleck 2011; Harries 
et al. 2015; Ullrich et al. 2016). However, multiple machine 
exercises and free-weights regimen that are frequently used 
to optimize athletes’s muscular power (Haff and Nimphius 
2012) make it difficult to equate for key exercise variables 
(Toigo and Boutellier 2006). To overcome this methodo-
logical limitation, Ullrich et  al. (2015) compared TP and 
DUP using a single-leg knee extensor training model with 
isometric exercise stimuli. This study found no periodiza-
tion effects on neuromuscular outcomes when isometric 
exercise stimuli were applied on recreational active women 
(Ullrich et al. 2015). Obviously, transferring these findings 
to both athletic training and rehabilitation procedures needs 

further evaluation regarding dynamic training exercises and 
the training status of the subjects (Ullrich et al. 2015).

Evidence exists that alterations in neural drive (Nar-
ici et  al. 1989; Seynnes et  al. 2007) and muscle architec-
ture can occur after short-term resistance training periods 
of 3–6  weeks (Blazevich et  al. 2003; Tesch et  al. 2004; 
Seynnes et  al. 2007; Ullrich et  al. 2016). A better under-
standing of periodization effects during short-term resist-
ance training is important for many sports requiring short 
duration off-season and preseason programs (Mann et  al. 
2010; Fukuda et  al. 2013) and rehabilitation procedures 
(Harries et  al. 2015; Hoover et  al. 2016; Ullrich et  al. 
2015). Therefore, this study aimed to extend recent find-
ings (Ullrich et al. 2015) by investigating the effects of TP 
and DUP short-term dynamic resistance training that was 
equated for key exercise variables.

Periodization effects were examined on the temporal 
alterations of (1) knee extensor maximal voluntary force 
production, (2) vastus lateralis and rectus femoris muscle 
archtitecture, and (3) EMG estimated neural drive of the 
M. quadriceps femoris. We examined females with mod-
erate resistance training experience as few studies have 
analyzed periodization effects in females (Kok et al. 2009; 
Ullrich et al. 2015) and findings from athletic populations 
are likely affected by confounding exercise stimuli (Ullrich 
et al. 2015). Based on previous results (Ullrich et al. 2015), 
we hypothesized that there would be no difference between 
TP and DUP in enhancing the present outcomes.

Methods

Experimental design

In order to evaluate the effects of two periodization models 
on the temporal changes of multiple neuromuscular out-
comes during short-term resistance exercise in females, an 
experimental design similar to a recent isometric training 
study was adopted (Ullrich et al. 2015). The duration of the 
experimental period was 7 weeks (Fig. 1). Identical testing 
protocols were applied prior and after the training period. 
This work started with a 1-week familiarization phase (2 
sessions) in which all subjects exercised both legs with the 
same loading regimen (3 sets × 15 repetitions at 40% of 
individual 1RM), following which all subjects completed 
a 6-week unilateral training period (3 sessions per week) 
for the knee extensors by randomly assigning an either TP 
or DUP model to each leg. For both periodization models, 
training loads corresponding with 40, 60, and 80% of indi-
vidual 1RM were chosen, and the number of repetitions 
within each loading zone and total training volume were 
equated for each leg after 6 weeks of training (Fig. 1). For 
TP, training loads were increased within 2-week intervals 
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starting at 40% of 1 RM and followed by 2 weeks at 60% 
and 2 weeks at 80% of 1RM. In contrast, DUP loads were 
altered in a daily rythm within one training week. In 
detail, DUP loads started at 40% of 1RM and were gradu-
ally increased up to 80% towards the last session of each 
week (Fig. 1). Overall and disregarding the familiarization 
period, the experimental design resulted in 18 training ses-
sions for TP and DUP (Fig. 1).

Subjects

The study was conducted on 19 female university students 
(22.0 ± 1.8 years, 58.5 ± 7.1  kg, 166.9 ± 7.8  cm) that had 
experience with total body resistance exercises of 27.9 ± 4.4 
months. The corresponding anthropometric data are given 
in Table 1. Typically, subjects were used to moderate-load 
machine and free-weight exercises for 2–3 weekly training 

sessions to optimize their general fitness level. Notably, no 
participants of competitive sports were recruited to avoid 
confounding exercise stimuli to the greatest extent possible. 
In addition, all subjects gave their written consent to avoid 
any resistance training for the lower extremity during the 
study period except the supervised experimental training 
sessions. Participants were asked to perform their habitual 
upper body and trunk muscle exercises and to maintain 
their normal diet during the study period. None of the sub-
jects conducted systematic endurance training such as run-
ning and cycling or reported known medical conditions 
and dietary supplements that could confound the current 
outcomes. Each subject was informed of the experimental 
risks and signed an informed written consent for participa-
tion prior to the first familiarization training session. The 
work was approved by the Institutional Research Ethics 
Committee and was in accordance with the Declaration of 
Helsinki for the use of human subjects in research.

Ultrasonographic measurements

To analyze M. vastus lateralis (VL) and M. rectus femoris 
(RF) muscle thickness, fascicle angle and fascicle length, 
a brightness-mode ultrasound device (Vivid e, GE Medi-
cal System, Jiangsu, China; Scanning frequency: 7.5 MHz) 
was used. All scanning procedures were conducted with 
the subjects lying in a relaxed supine position with fully 
extended hip and knee joints and prior to any warm-up 
(Alegre et al. 2006; Ullrich et al. 2015). To account for pos-
sible selective architectural changes along the length of a 
muscle (Blazevich et al. 2003; Noorkõiv et al. 2014) all VL 
images were collected at 33% (proximal), 50% (mid), and 
66% (distal) of the thigh length defined as the distance from 
the greater trochanter to the articular cleft of the knee joint 

Fig. 1  Study design for a 7-week dynamic knee extensor resistance 
training period exercising one leg with traditional periodization (TP-
leg) and the contralateral leg with daily undulating periodization 
(DUP-leg). Familiarization: all subjects exercised both legs with 3 
sets × 15 contractions at 40% of individual 1RM for each leg; 40% 

training session: 3 sets × 15 contractions at 40% of 1RM for each 
leg; 60% training session: 3 sets × 10 contractions at 60% of 1RM for 
each leg; 80% training session: 3 sets × 6 contractions at 80% of 1RM 
for each leg; Note subjects exercised either the right or left lower 
extremity using TP or DUP assigned by randomization

Table 1  Anthropometric data of the subjects during the study

Data are presented as mean ± SD
TP training leg with traditional periodization, DUP training leg with 
daily undulating periodization
*Significant differences (P < 0.05) to pre-training

Anthropometrics of the subjects (n = 19) Pre training Post training

Age (years) 22.0 ± 1.8 –
Height (cm) 166.9 ± 7.8 –
Body mass (kg) 58.5 ± 7.1 60.2 ± 8.4
BMI (kg/m2) 20.9 ± 2.0 20.7 ± 1.7
Thigh length_TP (cm) 42.0 ± 2.4 –
Thigh length_DUP (cm) 42.1 ± 2.5 –
Thigh circumference_TP (cm) 48.7 ± 3.5 49.8 ± 3.7*
Thigh circumference_DUP (cm) 48.6 ± 3.0 49.5 ± 3.7*
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(Noorkõiv et al. 2014). RF scanning was performed at 56% 
(e.g., midregion) between the anterior superior iliac spine 
and the proximal superior border of the patella (Noorkõiv 
et  al. 2014). After visualizing the width of the muscle by 
rotating the transducer head, the scanning procedures were 
conducted at one-half of the mediolateral width at the 
aforementioned measurements sites (Ullrich et  al. 2015). 
Once the image was optimized, five consecutive images 
were collected. For further analysis, all images were stored 
on a data storage device. All measurements were conducted 
by the same operator and the individual anatomical meas-
urement sides were marked during the pre-training testing 
occasion with a water-resistant pencil to ensure identical 
positioning between the testing occasions as far as possi-
ble. All subjects received these pencils and re-marked the 
measurement sides throughout the course of the study. The 
interday reliability was estimated in a pilot study that was 
conducted with recreational active young females (n = 10). 
According to measurement position, this pilot work yielded 
the following coefficient of variation (CV) values: VL-
muscle thickness (0.9–4.3%), VL-fascicle angle (3.7–4.4%) 
and VL-fascicle length (4.4–6.1%). The respective inter-
day average percentage changes were 1.3–6.2% for VL-
muscle thickness, 5.2–6.3% for VL-fascicle angle, and 
6.2–9.4% for VL-fascicle length. Corresponding signifi-
cant (P < 0.05) intraclass correlation coefficient (ICC) val-
ues of 0.83–0.99, 0.89–0.94, and 0.72–0.87 were detected. 
For RF, CV values of 2.9% for muscle thickness, 4.9% for 
fascicle angle, and 6.4% for fascicle length and significant 
(P < 0.05) ICC values of 0.94, 0.74, and 0.77 were calcu-
lated. The interday average percentage changes were 4.2% 
for RF muscle thickness, 6.9% for RF fascicle angle, and 
9.0% for RF fascicle length, respectively.

Maximal voluntary contraction (MVC) measurements

Maximal voluntary unilateral knee extensor moments were 
measured before and after training using standardized 
procedures (Ullrich et al. 2015). All subjects underwent a 
standardized warm-up consisting of 10  min of submaxi-
mal treadmill running and 3  min of submaximal isomet-
ric and dynamic unilateral knee extensor contractions on 
the dynamometer (Biodex Medical Systems. Inc., Shirley, 
NY, USA). Subsequently, two maximal voluntary isomet-
ric and two sets of three consecutive isokinetic-concentric 
unilateral knee extensor contractions (MVC) were per-
formed with both legs, randomly starting with either the 
left or right lower extremity. The subjects were fixed to the 
dynamometer in a seated upright position and the axis of 
the knee joint was aligned to the axis of the dynamometers 
lever arm. The subjects were instructed to keep their upper 
extremities in the crossed position. All isometric MVCs 
were performed at a knee joint and hip joint positions of 

70° as the maximum isometric knee extensor strength 
occurred in these positions (Herzog et al. 1991). The sub-
jects were instructed to build up their MVC within 3 s and 
to provide a peak force plateau of at least 2 s. All subjects 
received verbal encouragement and a visual feedback was 
provided by the Biodex software. A 3-min rest period was 
given between each trial. Isokinetic-concentric MVC´s 
were performed at an angular velocity of 60°/s between 
100° and 20° knee joint angle range of motion (ROM). 
Therefore, each of the three consecutive contractions 
should be performed with maximal effort throughout the 
given ROM. After each contraction, the leg was passively 
returned into the starting position. A 3-min rest period was 
given between each set. All measurements were automati-
cally gravity corrected by the Biodex software. Trials were 
repeated if not judged to be maximal by the subjects. Pre-
viously conducted interday reliability tests for these MVC 
procedures showed CV values of 4.0% for isometric knee 
extensor MVC and 4.9% for isokinetic-concentric MVC. 
In addition, significant (P < 0.05) ICC values of 0.98 and 
0.94 have been reported previously (Ullrich et  al. 2015). 
The interday average percentage changes for isometric and 
isokinetic-concentric knee extensor MVC were 5.6 and 
6.9%, respectively.

1RM testing

Approximately 15 min after the MVC testing, standardized 
unilateral one repetition maximum (1RM) testing for maxi-
mal voluntary dynamic knee extensor strength was per-
formed (Kok et al. 2009). Subjects were seated upright on a 
traditional knee extension training machine (Sygnum Line, 
Gym 80 international MbH, Gelsenkirchen, Germany) 
equipped with a training software as described in previous 
work (Ullrich et al. 2015). A ROM from 100° to 20° of the 
knee joint angle was defined for all 1RM trials and subjects 
received online feedback of knee joint ROM during con-
tractions by the software. The upper body was fixed with 
straps to the chair of the training machine and the upper 
extremities were maintained in the crossed position. Sub-
jects started the procedure with either the right or left leg 
according to random assignment. First, subjects performed 
a warm-up set of ten repetitions with a load approximat-
ing 30% of their estimated 1RM. This was followed by sets 
of ten repetitions of 50% of their estimated 1RM and five 
repetitions of 75% of their estimated 1RM. A load approxi-
mating 3RM was then applied, and subjects were asked to 
lift it no more than three times. Taking into consideration 
the number of lifts during this performance, the 1RM load 
was estimated. Thereafter, trials for 1RM assessment were 
conducted. Successful trials were followed by a 4-min rest 
period, with heavier loads being attempted until the 1RM 
was determined. This process generally took no more than 
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five trials and verbal encouragement was provided for all 
attempts. To estimate the interday reliability for the 1RM 
tests, CV values and corresponding ICCs were calculated 
separately for both legs using the data from the familiari-
zation period and the respective outcomes during the pre-
training testing occasion. This procedure yielded CV values 
of 4.7% (TP-leg) and 4.9% (DUP-leg) with corresponding 
significant (P < 0.05) ICCs of 0.96 and 0.93, respectively. 
In addition, the average interday percentage changes for 
knee extensor 1RM were 6.7% for TP and 7.0% for DUP.

Electromyographic (EMG) measurements

Maximal voluntary M. vastus lateralis (VL), M. vastus 
medialis (VM), and M. rectus femoris (RF) surface EMG 
activity was recorded at 1000 Hz with a telemetric EMG-
system with pre-amplification during all isometric knee 
extensor MVCs (Telemyo G2, Noraxon Inc., Scottsdale, 
Arizona, USA; CMRR > 100dB, band-pass 10–500Hz, 
16-bit-resolution). The dynamometer and the EMG sys-
tem were synchronized by a synchronization device (Tele-
Myo, 2400 T receiver, Noraxon Inc., Scottsdale, Arizona, 
USA). EMG signals were recorded by adhesive surface 
electrodes (blue sensor-Medicotest, Ballerup, Denmark). 
Recording electrodes were placed at the midpoint of the 
respective muscle belly with an inter-electrode distance of 
20  mm. Before electrode placement, skin impedance was 
reduced by shaving, abrasion, and cleaning with alcohol. 
To account for adequate signal quality, submaximal con-
tractions were performed and visually controlled prior to 
all measurements. As was described for muscle architec-
tural analysis, the individual anatomical electrode positions 
that were used during the pre-training testing occasion 
were marked with a water-resistant pencil. Thereafter, all 
subjects received these pencils to re-mark the respective 
positions.

Experimental protocol

The current protocol was adopted from previous work (Ull-
rich et  al. 2015). At the beginning of both testing occa-
sions, anthropometric data such as body mass (kg) and 
height (cm) were measured. Thigh circumference (cm) was 
determined for both legs at 50% of the thigh length (Kok 
et  al. 2009). Thereafter, all ultrasonographic analysis was 
conducted in both legs. Ultrasonographic analysis was 
started either in the right or left lower extremity according 
to random assignment. In a further step, MVC testing was 
conducted and the subjects performed all MVCs randomly 
starting with their left or right leg. Approximately 15 min 
after the MVC measurements, unilateral knee extensor 
1RM testing was performed. Pre-to-post training testing 
occasions were performed for all subjects at similar time 

of day either in the morning (between 9 and 12 A.M.) or in 
the afternoon (between 3 and 6 P.M.).

Experimental resistance training

The total duration of the study was 7  weeks, including a 
1-week familiarization period (Fig. 1). During the familiar-
ization, all subjects exercised both legs with the same load-
ing scheme (3 sets × 15 contractions at 40% of individual 
1RM) in two weekly sessions. Thereafter, the subject’s right 
and left lower extremity was randomly assigned to either a 
TP or DUP periodization scheme. Notably, average 1RM 
data at the start of the familiarization displayed no signifi-
cant side-to-side differences and individual leg dominance 
did not exceed 5% in all subjects. Therefore, the same num-
ber of right and left legs (n = 19) was either assigned to TP 
or DUP. Besides the familiarization, the subjects performed 
6  weeks of unilateral dynamic resistance training with 3 
weekly sessions, resulting in 18 training sessions for each 
leg. Sessions were randomly started with either the TP-leg 
or the DUP-leg to avoid systematic fatigue. All sets were 
completed with one leg before changing to the contralat-
eral side. Between each set, a recovery time of 2.5 min was 
provided. As none of the subjects missed any session, this 
work reached 100% compliance. To equate for key exercise 
variables (Toigo and Boutellier 2006), dynamic knee exten-
sor training was performed on a traditional knee extension 
training machine (Sygnum Line, Gym 80 International 
MbH, Gelsenkirchen, Germany) equipped with a training 
software (Digimax-Biofeedback, Version 3.2, Mechatronic 
MbH, Hamm, Germany). Briefly, the software uses data 
from a displacement sensor (cm) to control for knee joint 
ROM, time under tension, and the duration of the posi-
tive and negative phases. Subjects were seated upright, 
and the upper extremities were maintained in crossed posi-
tions. A knee joint ROM from 100° (starting position) to 
10° (final position) was used during all sessions. Manual 
goniometry was conducted at the start of each session to 
adjust the displacement sensor to these knee joint posi-
tions for all subjects. Within one contraction cycle, sub-
jects had to accelerate the load within 0.1 s throughout the 
ROM (explosive positive phase), to lower the load within 
0.5  s (negative phase) and to relax for 1  s before starting 
the next cycle. Notably, the displacement data were used 
to define a 5%-ROM error range around the optimal indi-
vidual time–distance curves. Training ROM accuracy was 
defined as 100% when subjects remained within this error 
range during all contraction cycles. This scheme was per-
formed in the TP-leg and the DUP-leg using online feed-
back from the software. As all sessions were performed 
on this equipped knee extensor training device, a supervi-
sion ratio of 1:1 was provided for all subjects. Throughout 
the course of training, loads corresponding to 40, 60, and 
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80% of individual 1RM were used in both legs. With the 
subjects having finished the familiarization, the TP-leg 
was exercised for 2 weeks with 3 sets of 15 contractions at 
40% of the individual 1RM. Thereafter, 2 weeks of training 
with thee sets of ten contractions at 60% of 1RM were con-
ducted in the TP-leg. During the final 2 weeks of training, 
the TP-leg was exercised at 80% of 1RM with three sets of 
six contractions. In contrast, the DUP-leg was exercised in 
a daily undulating periodization scheme starting at 40% of 
1RM and gradually increasing up to 80% towards the last 
session of each week (Fig.  1). Throughout the course of 
training, the regimens with either 40, 60, or 80% of 1RM 
were conducted six times in either the TP-leg or the DUP-
leg resulting in equal overall training volume and loading 
zones (Fig. 1). At the beginning of the first training session 
in every week, standardized 1RM testing (Blazevich et al. 
2003) was performed in both legs to account for progres-
sive strength increases. Having finished the 1RM testing, 
subjects were given a recovery time of 15 min before start-
ing their first weekly training. Notably, 1RM results were 
always used to determine the training loads for all sessions 
of the particular week.

Data analysis

Moment and EMG-signals from all isometric and isoki-
netic trials were organized in a measurement software 
(MyoResearch XP Master Edition, Noraxon Inc., Scotts-
dale, Arizona, USA). Isometric MVC was calculated as 
the average of 500 ms at peak moment plateau while the 
isokinetic MVC was determined as the averaged 3 maxi-
mums of one contraction sequence. The correspond-
ing EMG-signals of the RF, VM, and VL were initially 
smoothed and rectified before being integrated for a time 
window of 500  ms at isometric peak MVC. Finally, the 
integrated QF-EMG activity (IEMG) was calculated 
as follows (RF + VM + VL)/3 (Ullrich et  al. 2015): all 
muscle architectural analysis was conducted with the 
software of the ultrasound device (Vivid e, GE Medical 
System, Jiangsu, China). The vertical distance from the 
superficial to the deeper aponeurosis was taken to calcu-
late muscle thickness. Within one image, thickness val-
ues were determined at the most proximal end, approxi-
mately one-half the longitudinal distance (mid), and the 
most distal end to calculate an average muscle thickness 
(Ullrich et al. 2015). The pennation angle was defined as 
the angle between the fascicle and the deep aponeurosis. 
Muscle thickness and pennation angle were determined 
five times within one image. After deleting the maximal 
and minimal values, the residual 3 values were averaged. 
Fascicle lengths were estimated by the formula presented 
by Alegre et al. (2006), assuming a straight course of the 

fascicle: fascicle length = average muscle thickness/sin 
(pennation angle). Muscle thickness values were addi-
tionally normalized to thigh length.

Statistics

The statistical analysis was conducted with SPSS (version 
23.0; SPSS Inc., Chicago, IL, USA). The level of statistical 
significance was set to α = 0.05. Kolmogorov–Smirnov test-
ing indicated normal distribution for all outcomes. A t test 
for dependent samples was applied to compare all major 
outcomes after the pre-training testing occasion between 
TP and DUP assuming both legs as dependent groups. 
Regarding the unilateral training, the subject’s right and 
left lower extremities were defined as dependent groups for 
this pre-training statistical analysis. A 2-factor ANOVA (2 
within group factors: time × training legs) was undertaken 
to detect temporal changes for all major outcomes for TP 
and DUP and between the compared periodization models. 
The weekly changes of knee extensor 1RM were analyzed 
using one-way repeated measures with Bonferroni adjust-
ments. Finally, we calculated effect sizes for all major out-
comes in both legs using the following formula: [(mean 
post-test − mean pre test)/SD pre test] according to Rhea et  al. 
(2003). Effect sizes were then adjusted to sample size bias 
in smaller (n < 20) sample sizes (Hedges and Olkin 1985). 
Results are presented as mean ± standard deviation (SD) in 
the tables, and as mean ± standard error (SE) in the figures, 
respectively. A post hoc power analysis (α = 0.05, 2-tailed) 
showed that statistical power for the temporal changes that 
occurred in the TP-leg was about 93% for the isometric 
MVC, about 72% for the isokinetic MVC, about 99% for 
1RM, and about 13% for the percentage change in QF-
EMG. According to muscle and measurement position, sta-
tistical power for the temporal changes in the TP-leg ranged 
from 99 to 100% for muscle thickness and from 38 to 87% 
for fascicle length. Statistical power for the changes occur-
ring in the DUP-leg was about 94% for the isometric MVC, 
about 91% for the isokinetic MVC, about 100% for 1RM, 
and about 42% for the percentage change in QF-EMG. 
According to measurement position, statistical power for 
the temporal alterations in the DUP-leg ranged from 93 to 
99% for muscle thickness and from 21 to 69% for fascicle 
length. A priori sample size calculations assuming mod-
erate (0.3) periodization effects on the major outcomes 
yielded sample sizes of n = 38 to prove these effects with 
a statistical power of 60%. In contrast, large (0.5) effect 
size estimations for periodization effects yielded respec-
tive sample size values of n = 13. In consequence, we used 
a smaller sample size (n = 19) than would have been needed 
to detect small to moderate periodization effects.
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Results

Before the start of the training period, no significant differ-
ences were detected for all anthropometric values, isometric 
and isokinetic knee extension MVC, 1RM, QF-IEMG, and 
RF and VL-muscle architectural parameters between both 
periodization models (Tables 1, 2; Figs. 2, 3, 4). Body mass 
remained unchanged pre- to post training (Table  1). Fol-
lowing training, small but statistically significant (P < 0.05) 
increases were detected for thigh circumference in both 
legs (Table  1). No significant time × leg effect occurred 
for changes in thigh circumference (Table  1). Total train-
ing volume load showed no significant differences between 
the periodization models yielding about 12,401 ± 2680 kg 
for TP and about 12,803 ± 2476  kg using DUP, respec-
tively. In addition, training ROM accuracy revealed no 
significant differences between TP (94.7 ± 2.4%) and DUP 
(95.3 ± 2.3%).

Strength changes of the knee extensors

Absolute (Nm) and body mass-normalized (Nm/kg) iso-
metric and isokinetic-concentric net knee extension 
moments and 1RM values (kg) were significantly (P < 0.05) 
higher post-training in both legs (Figs. 2, 3). In the TP-leg, 

average percentage increases in isometric and isokinetic-
concentric net knee extension moments were about 15 and 
8%, respectively. These average percentage MVC increases 
were about 13 and 10% using DUP (Fig.  5). In addition, 
the average percentage increase in knee extensor 1RM was 
about 18% in the TP-leg and about 24% in the DUP-leg, 
respectively (Fig.  5). According to the respective param-
eter of maximal voluntary knee extensor strength, similarly 
large effect sizes (Hedges g) ranging from 0.52 to 1.06 
were detected for both periodization models (Table 3). No 
significant time × leg effect occurred for any changes in 
knee extensor strength (Figs. 2, 3).

Changes of VL and RF-muscle architecture

For both legs, absolute (cm) and normalized VL and RF-
muscle thickness values were significantly (P < 0.05) 
increased at all measurement positions post-train-
ing (Table  2). VL-pennation angle showed significant 
(P < 0.05) increases after 6  weeks of training at all thigh 
regions in both legs (Table  2). In contrast, RF-pennation 
angle remained unchanged during the study. Absolute 
(cm) and normalized fascicle length values were signifi-
cantly (P < 0.05) higher post training in both legs at the 
mid VL measurement site (Table 2). In the TP-leg, average 

Table 2  Muscle architecture of the M. vastus lateralis (VL) and M. rectus femoris (RF) for the TP-leg and DUP-leg during the study

Data are presented as mean ± SD
TP training leg with traditional periodization, DUP training leg with daily undulating periodization
*Significant differences (P < 0.05) to pre-training

VL and RF: muscle architecture (n = 19) TP-leg: pre training TP-leg: post training DUP-leg: pre training DUP-leg: post training

Proximal VL muscle thickness (cm) 1.75 ± 0.24 2.08 ± 0.32* 1.85 ± 0.27 2.11 ± 0.38*
Proximal VL pennation angle (°) 14.5 ± 2.33 16.6 ± 3.05* 15.9 ± 1.92 17.8 ± 3.22*
Proximal VL fascicle length (cm) 7.07 ± 1.01 7.33 ± 0.67 6.78 ± 0.69 6.96 ± 0.93
Proximal VL fascicle length/thigh length 0.170 ± 0.022 0.177 ± 0.019 0.163 ± 0.016 0.167 ± 0.023
Proximal VL muscle thickness/thigh length 0.041 ± 0.006 0.050 ± 0.008* 0.044 ± 0.006 0.050 ± 0.008*
Mid VL muscle thickness (cm) 1.88 ± 0.26 2.22 ± 0.27* 1.90 ± 0.27 2.22 ± 0.32*
Mid VL pennation angle (°) 16.2 ± 2.01 17.8 ± 3.15* 16.3 ± 1.84 18.0 ± 2.71*
Mid VL fascicle length (cm) 6.80 ± 0.81 7.34 ± 0.71* 6.76 ± 0.73 7.21 ± 0.72*
Mid VL fascicle length/thigh length 0.163 ± 0.020 0.176 ± 0.016* 0.162 ± 0.020 0.173 ± 0.016*
Mid VL muscle thickness/thigh length 0.044 ± 0.007 0.053 ± 0.007* 0.045 ± 0.007 0.053 ± 0.008*
Distal VL muscle thickness (cm) 1.54 ± 0.19 1.87 ± 0.27* 1.60 ± 0.20 1.90 ± 0.28*
Distal VL pennation angle (°) 14.7 ± 2.19 17.3 ± 2.58* 15.6 ± 1.52 17.4 ± 2.18 *

Distal VL fascicle length (cm) 6.13 ± 0.60 6.34 ± 0.61 5.98 ± 0.66 6.39 ± 0.83
Distal VL fascicle length/thigh length 0.148 ± 0.020 0.153 ± 0.016 0.144 ± 0.020 0.154 ± 0.022
Distal VL muscle thickness/thigh length 0.037 ± 0.005 0.046 ± 0.007* 0.039 ± 0.005 0.046 ± 0.007*
RF muscle thickness (cm) 1.29 ± 0.19 1.49 ± 0.21* 1.35 ± 0.23 1.50 ± 0.16*
RF pennation angle (°) 11.2 ± 1.80 12.1 ± 1.64 11.6 ± 2.07 12.0 ± 1.07
RF fascicle length (cm) 6.76 ± 1.33 7.18 ± 0.95 6.86 ± 1.35 7.25 ± 0.75
RF fascicle length/thigh length 0.162 ± 0.030 0.173 ± 0.024 0.165 ± 0.030 0.175 ± 0.022
RF muscle thickness/thigh length 0.031 ± 0.005 0.035 ± 0.006* 0.031 ± 0.007 0.035 ± 0.005*
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percentage increases in VL-muscle thickness values ranged 
from about 15 to 20% (Fig.  6) with concomitant average 
fascicle length changes ranging from about 4 to 9%. These 

Fig. 2  Absolute (Nm) and body mass normalized (Nm/kg) knee 
extensor MVC for the TP-leg and DUP-leg during the study. *Signifi-
cant differences (P < 0.05) to pre-training; TP training leg with tradi-

tional periodization, DUP training leg with daily undulating periodi-
zation. Data are presented as mean ± SE

Fig. 3  One repetition maximum (1RM) for the TP-leg and DUP-leg 
during the study. *1,2,3,4,5 Significant differences (P < 0.05) to train-
ing weeks 1, 2, 3, 4, and 5, respectively. TP training leg with tradi-
tional periodization, DUP training leg with daily undulating periodi-
zation. Data are presented as mean ± SE

Fig. 4  M. quadriceps femoris integrated EMG changes during the 
study. TP training leg with traditional periodization, DUP training leg 
with daily undulating periodization. Data are presented as mean ± SE
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percentage changes ranged from 14 to 19% for VL-muscle 
thickness (Fig. 6) and from 3 to 7% for VL-fascicle length 
in the DUP-leg, respectively. The average percentage 
increase in RF-muscle thickness was about 12% for TP and 
about 13% using DUP (Fig. 6) with concomitant percent-
age changes in RF-fascicle length of about 5% and about 
7%, respectively. According to position, TP yielded average 
percentage increases in VL-pennation angle ranging from 8 

to 14% whereas these changes varied between 11 and 16% 
using DUP. For most architectural parameters, compara-
ble moderate to large effect sizes (Hedges g) were detected 
for both lower extremities (Table  3). No significant time 
× leg effect occurred for any muscle architectural changes 
(Table 2; Fig. 6).

Changes of maximal voluntary EMG-activity of the QF

In both lower extremities, maximal voluntary EMG activity 
of the M. quadriceps femoris (QF) did not change signifi-
cantly after 6 weeks of training (Fig. 4). Average maximal 
QF IEMG values were about 10% higher in the TP-leg and 
about 14% higher in the DUP-leg post-training (Fig.  5). 
Effect size calculations for the temporal IEMG changes 
yielded small and moderate values of 0.12 and 0.34 using 
TP or DUP, respectively (Table  3). No significant time × 
leg effect was detected for maximal voluntary QF IEMG 
(Fig. 5).

Discussion

This study investigated the effects of traditional (TP) and 
daily undulating (DUP) periodized dynamic knee exten-
sor resistance training equated for key exercise variables 
on neuromuscular outcomes in moderately trained females. 
An important feature of this study is that total training vol-
ume load, number of repetitions within each loading zone, 
and range of motion and time under tension were equated 
between the periodization models. The main finding was 
that 6 weeks of knee extensor training (18 sessions) yielded 
profound strength and muscle architectural gains, without 
significant differences between TP and DUP. These results 

Fig. 5  Percentage differ-
ences (% pre training) of thigh 
circumference, isometric and 
isokinetic-concentric knee 
extensor MVC, 1RM, and maxi-
mum voluntary EMG activity of 
the M. quadriceps femoris (QF) 
for the TP-leg and DUP-leg 
during the study. *Significant 
differences (P < 0.05) to pre-
training; TP training leg with 
traditional periodization, DUP 
training leg with daily undulat-
ing periodization. Data are 
presented as mean ± SE

Table 3  Effect sizes for the major study outcomes for both training 
legs

Effect sizes (Hedges g) were calculated for the major study outcomes 
for the TP-leg and DUP-leg, respectively

Study outcome ES: TP-leg ES: DUP-leg

Absolute isometric knee extension MVC 0.76 0.75
Absolute isokinetic knee extension MVC 0.52 0.71
1RM knee extension 0.94 1.06
QF-EMG 0.12 0.34
Thigh circumference 0.23 0.12
Proximal VL-muscle thickness 1.27 0.85
Mid VL-muscle thickness 1.11 1.01
Distal VL-muscle thickness 1.26 1.10
Proximal VL-fascicle length 0.36 0.20
Mid VL-fascicle length 0.65 0.50
Distal VL-fascicle length 0.41 0.34
Proximal VL-pennation angle 0.74 0.68
Mid VL-pennation angle 0.58 0.70
Distal VL-pennation angle 1.06 0.90
RF-muscle thickness 0.98 0.73
RF-fascicle length 0.32 0.25
RF-pennation angle 0.50 0.22
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support previous suggestions that periodization may not be 
a major trigger of neuromuscular adaptations during short-
term training periods with male and female subjects of dif-
ferent fitness levels (Kok et  al. 2009; Harries et  al. 2015; 
Ullrich et al. 2015, 2016).

The average gains in isometric and isokinetic knee exten-
sor MVC varied from about 8 to 15% with concomitant 
average 1RM icreases between 18 and 24%. These changes 
are in line with previous literature following short-term 
resistance training with moderately trained subjects (Ull-
rich et al. 2009; Mann et al. 2010; Fukuda et al. 2013). For 
example, Fukuda et al. (2013) presented average increases 
ranging from 7.7 to 26.7% for power, force, and velocity 
during countermovement jumps following a 4-week pre-
paratory period with youth judoka. After 8 weeks of resist-
ance training with males that had about 2 years of training 
experience, Mangine et  al. (2015) reported average 1RM 
gains of about 15%. Similar MVC increases were found 
after 5 weeks of muscular power training (13 overall ses-
sions) in team sports athletes (Ullrich et  al. 2009). Kok 
et al. (2009) compared TP and DUP on strength and muscle 
cross-sectional adaptations in untrained women following a 
9-week resistance training regimen with 3 weekly sessions. 
The higher 1RM improvements of about 22–35% that were 
detected by these authors are most likely attributed to the 
longer training period and recreational training status of 
their subjects (Kok et  al. 2009). Similar to our findings, 
no periodization effects on the temporal strength changes 
occurred in this study (Kok et al. 2009). A previous work 
with recreationally active women also failed to detect 
significant periodization effects, yielding knee extensor 
MVC gains of 9% using TP and 14% using DUP following 

6 weeks (12 sessions) of isometric knee extensor training 
(Ullrich et  al. 2015). Differences in the training status of 
the subjects, the loading zones, the training sessions per 
week, and the training volume make it difficult to com-
pare strength changes among studies (Toigo and Boutellier 
2006; Harries et al. 2015). However, in agreement with our 
findings, evidence suggests that TP and DUP provoke simi-
lar development of upper and lower body strength (Simão 
et al. 2012; Harries et al. 2015; Ullrich et al. 2016). Nota-
bly, much of the work was performed with subjects that had 
no resistance training experience (Kok et al. 2009; Ullrich 
et al. 2015) and who might show similar adaptations to any 
overload stimulus during the first several weeks of train-
ing (Kraemer et al. 1999). Furthermore, most periodization 
studies aimed to match athletic training, but did not control 
major exercise variables (Kraemer et al. 1999; Rhea et al. 
2002; Toigo and Boutellier 2006; Hoffman et al. 2009; Ull-
rich et al. 2016). Therefore, our findings that were derived 
with a single-leg laboratory training model providing con-
trolled dynamic exercise stimuli strengthens previous sug-
gestions (Franchini et al. 2015; Harries et al. 2015; Ullrich 
et al. 2015) that periodization might not be a major adapta-
tion trigger during short-term training programs.

Much work comparing periodization models has gone 
into assessing muscular strength and power, but only a 
few studies have examined structural or neural dimensions 
(Kok et al. 2009; Simão et al. 2012; Souza et al. 2014; Ull-
rich et al. 2015, 2016).

Considering muscle growth, more frequent changes 
of training volume and load were originally suggested 
to be advantageous for the maintenance of muscle vol-
ume throughout the course of training (Stone et  al. 1981; 

Fig. 6  Percentage changes (% 
pre training) of proximal, mid 
and distal VL and RF-muscle 
thickness for the TP-leg and 
DUP-leg during the study. *Sig-
nificant differences (P < 0.05) 
to pre-training; TP training leg 
with traditional periodization, 
DUP training leg with daily 
undulating periodization. Data 
are presented as mean ± SE
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Poliquin 1988). However, the literature basis to prove this 
hypothesis with magnetic resonance or ultrasound data is 
weak (Mattocks et al. 2016; Ullrich et al. 2016). Currently, 
there is no literature model comparing the mechano-chem-
ical signal transduction between TP and DUP periodized 
exercise stimuli (Toigo and Boutellier 2006; Mattocks 
et al. 2016). As previously reported after short-term train-
ing (Tesch et al. 2004; Blazevich et al. 2007; Seynnes et al. 
2007; Souza et  al. 2014; Ullrich et  al. 2016), the present 
strength gains were accompanied by early muscle hyper-
trophy at different anatomical thigh regions in both train-
ing legs. With no significant differences between TP and 
DUP, the current gains in muscle thickness ranged between 
14 and 20% and, therefore, were similar to those reported 
for untrained subjects after 24 sessions of isometric knee 
extensor training (Ullrich et  al. 2015). In addition, Kok 
et  al. (2009) reported changes in rectus femoris CSA of 
approximately 11% after 6 weeks of multi-exercise resist-
ance training with recreational active females. These pro-
found muscle thickness adaptations illustrate that the 
examined females were experienced to moderate-load 
resistance training, but were not accustomed to the spe-
cific loading scheme of this work (Peterson et  al. 2005). 
In general line with our results, Blazevich et  al. (2003) 
and Ullrich et al. (2016) reported that muscle architectural 
adaptations occurred rapidly during resistance training 
with explosive exercise characteristics while others have 
detected structural adaptations only after 8 to 12  weeks 
of resistance training (Higbie et  al. 1996; Kraemer and 
Ratamess 2004; Ullrich et al. 2015). Our data indicate the 
importance to account for region-specific muscle architec-
tural adaptations (Blazevich et  al. 2003; Noorkõiv et  al. 
2014), as gains in VL- and RF muscle thickness occurred 
at all measurement positions, while VL-fascicle length 
increases only occurred at the mid thigh region. In line with 
Blazevich et  al. (2003), the architectural changes in both 
legs appeared to be greater in the VL compared with the 
biarticular RF. This might be explained with fewer changes 
in RF muscle length during monoarticular knee extensor 
training resulting in reduced stimuli transmission to the RF 
(Blazevich et  al. 2003; Jacobs and van Ingen 1992). The 
finding of enhanced muscle thickness and fascicle length 
after 18 exercise sessions suggests an early stimulation 
of both adaptational mechanisms, an addition of sarcom-
eres in parallel and in series (Blazevich et al. 2003, 2007; 
Seynnes et al. 2007). Increases in fascicle length affect the 
force–length relationship and force–velocity relationship 
(Alegre et  al. 2006; Blazevich et  al. 2003, 2007) and can 
reduce the risk of injury when sarcomeres are forced to 
operate on the descending limb of their force–length rela-
tion (Brockett et al. 2001). Importantly, similar moderate to 
large effect sizes were detected for most of these architec-
tural changes in both TP and DUP. Thus, we suggest that 

exercise variables such as training range of motion and the 
duration of the positive and negative loading phases act as 
major adaptation triggers for radial and longitudinal muscle 
growth during short-term training, rather than periodization 
(Toigo and Boutellier 2006; Ullrich et al. 2015).

Strength gains during the first weeks of training were 
mostly attributed to neural alterations (Moritani and 
deVries 1979; Aagaard 2003; Kraemer and Ratamess 
2004; Ullrich et al. 2015). EMG increases during resistance 
training were explained by adaptations of the motoneuron 
recruitment, firing frequency, and synchronization of motor 
unit firing (Aagaard 2003; Gruber and Gollhofer 2004). As 
was expected for subjects with moderate resistance train-
ing experience, the EMG alterations of 10% in the TP-leg 
and 14% in the DUP-leg were lower than those reported 
for recreationally active persons after short-term training 
(Seynnes et  al. 2007; Ullrich et  al. 2015). Seynnes et  al. 
(2007) showed average EMG gains of about 20% in the 
vastus lateralis following 10  days of high-load resistance 
training with recreationally active subjects. Ullrich et  al. 
(2015) found average EMG increases of the quadriceps 
femoris between 26 and 29% after 12 sessions of isomet-
ric knee extensor training in recreationally active women. 
Rhea et al. (2002) suggested that undulating periodization 
may exert higher stress on the neuromuscular system com-
pared with traditional periodization thereby causing earlier 
neural adaptations. Furthermore, prolonged linear progres-
sion of training loads may cause neural fatigue that could 
counteract strength improvements (Poliquin 1988; Baker 
et al. 1994; Hoffman et al. 2009). However, there is a lack 
of evidence to prove these assumptions during training 
studies that were equated for key exercise variables (Ullrich 
et  al. 2015). In agreement with our results, TP and DUP 
provoked similar gains in neural drive during 14 weeks of 
isometric knee extensor training that equated for training 
volume and load (Ullrich et al. 2015). Therefore, we sug-
gest that TP and DUP may exert similar neuronal altera-
tions during short-term resistance training.

In summary, our data indicate that TP and DUP were 
equally adept in improving maximal voluntary strength, 
muscle architecture, and neural drive during short-term 
resistance training with moderately trained females. Iden-
tifying the most effective periodization model was dis-
cussed as an important feature for sports requiring short 
duration off-season and preseason programs (Fukuda et al. 
2013) and furthermore to optimize rehabilitation proce-
dures (Harries et  al. 2015; Ullrich et  al. 2015; Hoover 
et  al. 2016). However, the current study strengthens pre-
vious suggestions that stimuli periodization is no adapta-
tion trigger during short-term resistance training (Harries 
et al. 2015; Ullrich et al. 2015, 2016; Mattocks et al. 2016). 
Based on these findings, practitioners are recommended 
to adjust key exercise variables rather than complex 
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periodization approaches in short-term training and reha-
bilitation settings.

Some limitations are worth noting. Possibly, longer 
training periods might have provoked periodization influ-
ences that were suppressed by the current study design. 
However, providing equated exercise variables, our results 
support previous work that did not detect periodization 
effects during training periods ranging between 4 and 10 
weeks (Kok et al. 2009; Souza et al. 2014; Mattocks et al. 
2016; Ullrich et al. 2016). A further assumption is that the 
adaptations were not strongly influenced by confounding 
exercise stimuli (Ullrich et al. 2015). Therefore, we exam-
ined women with about 2  years of moderate resistance 
training experience for general fitness reasons, but excluded 
athletes that conducted confounding training sessions. 
Obviously, one would expect much smaller strength and 
muscle architectural gains in subjects with long-term high-
loading resistance training experience (Hartmann et  al. 
2015). To provide controlled dynamic exercise stimuli, we 
combined a muscular power training program from previ-
ous work (Ullrich et al. 2009) with an experimental single-
leg knee extensor training model (Ullrich et  al. 2015). In 
consequence, the mechanical specificity of this laboratory 
training did not fully match real athletic explosive move-
ments (Kawamori and Haff 2004; Ullrich et  al. 2010, 
2016). However, the current single-leg model enabled us 
to control the key exercise variables (Toigo and Boutellier 
2006; Ullrich et al. 2015). In addition, this research design 
reduces selection bias in rather small sample sizes (Hedges 
and Olkin 1985) assuming an identical cellular response 
matrix (Toigo and Boutellier 2006) between the individual 
training legs. This within-subject design may furthermore 
equalize influences of the menstrual cycle during train-
ing studies with females that, therefore, has not been con-
trolled in our work (Toigo and Boutellier 2006). Besides 
these methodological advantages, a major limitation of the 
single-leg model is the possible influence of cross-training 
effects (Zhou 2000; Adamson et al. 2008; Lee et al. 2009; 
Beyer et al. 2016). Importantly, cross-training effects were 
restricted to neural parameters and strength gains and no 
evidence exists that structural alterations were influenced 
by cross training (Zhou 2000). Regarding maximal vol-
untary muscle strength, average cross effects of about 8% 
were reported for different muscle groups when one leg 
was trained and the contralateral leg served as control (Lee 
and Carroll 2007). However, the examined females only 
showed low to moderate effect sizes for EMG alterations. It 
is, therefore, reasonable to argue that cross effects will not 
have influenced our findings to any great extent. Finally, 
high to moderate statistical power values were calculated 
for the temporal changes of the major outcomes. However, 
a priori calculations for sample size adjustments showed 
that more subjects would have been needed to document 

small to moderate periodization effects. As the percent-
age temporal changes and effect sizes were quite similar 
between TP and DUP, this might be assessed as a minor 
limitation of this work.

Conclusion

This study examined possible differences in TP and DUP 
periodized dynamic resistance training equated for key 
exercise variables on neuromuscular outcomes in mod-
erately-trained females. The present results indicate that 
both periodization programs were equally adept in improv-
ing knee extensor strength, VL- and RF muscle architec-
ture, and maximum voluntary QF-EMG activity following 
a 6-week resistance training period. Notably, rapid muscle 
architectural adapatations occurred using contractions with 
explosive force–velocity characteristics. Thus, further evi-
dence is presented that key exercise variables act as major 
triggers for neuromuscular adaptations during short-term 
resistance training, rather than stimuli periodization. These 
findings might facilitate the planning of athletic condition-
ing programs and rehabilitation regimens.
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