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ABSTRACT: Introduction: Muscle morphology and architecture
changes in response to 6 weeks of progressive resistance train-
ing were examined in healthy older adults. Methods: In this
randomized, controlled design, muscle strength, quality, and
architecture were evaluated with knee extension, DEXA, and
ultrasound, respectively, in 25 older adults. Results: Resistance
training resulted in significant increases in strength and muscle
quality of 32% and 31%, respectively. Cross-sectional area of
the vastus lateralis increased by 7.4% (p�0.05). Physiological
cross-sectional area (PCSA) of the thigh, a composite measure
of muscle architecture, was related significantly to strength
(r 5 0.57; p�0.01) and demonstrated a significant interaction
after training (p�0.05). Change in PCSA of the vastus lateralis
was associated with change in strength independent of any
other measure. Conclusions: Six weeks of resistance training
was effective at increasing strength, muscle quality, and muscle
morphology in older adult men and women.
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Aging is associated with progressive loss of neuro-
muscular function that often leads to disability and
loss of independence.1 The term sarcopenia,
loosely translated, describes a deficiency of flesh
(muscle)2 and is showcased by decreased total
muscle cross-sectional area of approximately 40%
between the ages of 20 and 60 years.1 The current
diagnosis of sarcopenia is arbitrary in the sense
that an individual who has an appendicular skele-
tal muscle mass value of �2 standard deviations
below that of an age-matched population may be
classified as sarcopenic. Age-associated loss of mus-
cle mass is often thought to be the cause of
strength losses observed with increasing age. Mus-
cle size and strength losses are believed to be asso-
ciated with metabolic, physiological, and
functional impairments.3 These changes may be
attenuated through regular physical activity for the
purpose of preserving muscle quality and strength.

Muscle function is determined by structure and
morphology at the architectural level,4 where the
aging process leads to not only changes in muscle
quantity, but also quality.5 Magnetic resonance
imaging is considered the “gold standard” for
cross-sectional and muscle volume measures. How-
ever, due to the limited availability of magnetic res-
onance imaging (MRI), ultrasonography may be a
more cost-efficient alternative that is both valid
and reliable for assessing large individual human
muscle.6–9 Decreases in muscle quality that are
observed commonly in sarcopenia include
enhanced intramuscular adipose and connective
tissue in addition to decreased lean muscle mass
and contractile units.10 These changes indicate
that both muscle quantity and muscle quality can
contribute independently to changes in muscle
strength in older adults.11 Muscle quality can be
assessed using many methods, which may include
relative strength (strength per unit of mass)12 and
muscle composition (relative measures of connec-
tive to contractile tissue).5 Muscle quality can be
assessed as echo intensity using ultrasound scan-
ning, where an increase in the echo intensity of a
muscle represents changes caused by increased
intramuscular connective and adipose tissues.11

Moreover, muscle architecture measures of cross-
sectional area, fiber pennation angle, and fascicle
length allow for calculation of physiological cross-
sectional area (PCSA), a composite measure used
to describe the structure–function relationship of
muscle.4 However, no consensus currently exists
for methods to calculate PCSA. Some computa-
tions exclude variables important for description
of the muscle structure–function relationship, such
as pennation angle and muscle density.13,14

Physical exercise is known to result in changes
in muscle mass and quality. Resistance training
appears to offer greater benefits than aerobic
endurance training for gaining muscle mass and
improving efficiency of the neuromuscular sys-
tem.10 Evidence suggests that up to 20 years of
strength and power losses may be attenuated
through regular resistance training.15 In addition,
older adults have demonstrated that the neuro-
muscular system has the ability to respond to resist-
ance training, which may compensate for not only
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muscle size and quality changes but also lead to
greater functional capacities and a higher quality
of life.10 However, there are limited data regarding
the effect of resistance training in older adults on
muscle quality at the structural level. Furthermore,
to our knowledge, no studies have examined the
effects of short-term resistance training on echo
intensity, and documented PCSA changes in older
adults are limited. Therefore, the purpose of this
study was to examine the effect of 6 weeks of pro-
gressive resistance training on muscle morphology
and architecture in healthy older adults.

METHODS

Experimental Design. In this randomized, con-
trolled design, volunteers were assigned randomly
into exercise (RT) or control (CON) groups
(Fig. 1). Exercise group participants began 6 weeks
of progressive resistance training immediately after
baseline pre-testing, during which range of motion
(ROM) was assessed, 1RM knee extension was
determined, and participants were familiarized
with exercises. CON group participants served as
non-exercise controls for 6 weeks. All participants
were tested on 2 occasions separated by 6 weeks.
Each testing session included body composition
assessment, and size and architecture assessment
of the lower limb musculature. All participants
were required to complete an informed consent
document approved by the university institutional
review board.

Participants. Twenty-six healthy men (n 5 13) and
women (n 5 13) >60 years of age were recruited to
participate in the study on the basis of consent

and health status. Participants were assigned ran-
domly to experimental or control groups balanced
by gender. Sample size was based on work by Fron-
tera et al.,22 who reported a total of 25 older men
in a study of responses to resistance training at 6
and 12 weeks. Initial eligibility was assessed by a
scripted phone screening. Participants aged 60–69
years of age were required to have had no positive
risk factors on the administered physical activity
readiness questionnaire; those �70 years of age
were required to obtain physician clearance. Body
mass index for men must have been >20 but no
more than 35, and body mass index for women
must have been >18 but no more than 37. Partici-
pants had to be ambulatory, agree to maintain cur-
rent physical activity level, and must have had the
ability to visit the university for testing and train-
ing. Any individual was excluded from participa-
tion for the following: classified as “high risk” by
having cardiovascular, pulmonary, or metabolic dis-
ease or having 1 or more of the following: under-
gone major surgery <16 weeks prior to
enrollment; stated immunodeficiency disorder;
stated presence of partial or artificial limb; known
dementia; brain metastases; eating disorder; or his-
tory of significant psychiatric or psychological con-
dition that may have interfered with the study.
Additional exclusion criteria were for individuals
who were: currently taking medications or substan-
ces that could modulate metabolism profoundly;
participating regularly in any strength or resistance
training program in the past 3 months; or consid-
ered unfit for participation by the study
investigators.

FIGURE 1. Experimental design of the study. Two testing sessions were separated by 6 weeks of resistance training or control. DEXA,

dual-energy X-ray absorptiometry; ROM, range of motion; 1RM, predicted 1 repetition maximum.
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Body Composition. Total and regional body com-
position was evaluated using dual-energy X-ray
absorptiometry (DEXA), providing measures of
lean and fat mass. Lean thigh mass (LTM, in kilo-
grams) was obtained by isolating a region of inter-
est that included the thigh and excluded the lower
leg and all other tissues of the dominant leg. All
DEXA scans were ordered by a licensed physician
in the state of Florida and performed at the Fac-
ulty Wellness Center by a licensed radiology techni-
cian. LTM reliability coefficients (ICCs) were 0.98
(SEM 5 0.261 kg) and were determined by meas-
uring 12 participants separated by 6 weeks.

Ultrasonography. Non-invasive skeletal muscle
ultrasound images of rectus femoris and vastus lat-
eralis architecture were collected. This technique
uses sound waves at fixed frequencies to create
real-time images of the limb musculature in vivo.
Participants reported to the Human Performance
Laboratory for ultrasound measurements after 72
hours without any vigorous physical activity. They
were instructed to lay supine for 15 minutes to
allow fluid shifts to occur before images were col-
lected. A 12-MHZ linear probe scanning head
(LOGIQ P5; General Electric Wauwatosa, Wiscon-
sin) was used to optimize spatial resolution and
was coated with water-soluble transmission gel and
positioned on the skin surface to provide acoustic
contact without depressing the dermal layer to col-
lect the image. Measures of muscle thickness (MT)
and pennation angle (PANG) were taken using
B-mode ultrasound. Measures of cross-sectional
area (CSA) and fascicle length (Lf) were obtained
using a sweep of the muscle in the extended field
of view mode with gain set to 50 dB and image
depth to 5 cm.5 All measures were taken in both
the rectus femoris and vastus lateralis of the domi-
nant leg. Subsequent measures were taken using
the same limb positioning and anatomical site and
were performed by the same examiner. After scan-
ning, all images were analyzed offline with image
analysis software (ImageJ, version 1.45s) available
from the National Institutes of Health (NIH,
Bethesda, Maryland), which quantifies muscle qual-
ity in the form of echo intensity (EI). A known dis-
tance of 1 cm as shown in the image was used to
calibrate the software program.16 For measures of
rectus femoris, the participant was placed supine
on an examination table, according to the Ameri-
can Institute of Ultrasound in Medicine, with the
legs extended but relaxed and with a rolled towel
beneath the popliteal fossa allowing for a 10� bend
in the knee as measured by a goniometer.17 For
measures of the vastus lateralis, participants were
placed on their non-dominant leg side with the
legs together and relaxed to allow a 10� bend in

the knee as measured by a goniometer. ICCs for
ultrasound measures were determined from 10
participants separated by at least 24 hours unless
otherwise noted.

Cross-Sectional Area. The measurement of rectus
femoris CSA was taken in the sagittal plane parallel
to the long axis of the femur, and scanning
occurred in the axial plane perpendicular to the
tissue interface at 50% of thigh length. Fifty per-
cent of thigh length was determined as halfway
from the anteroinferior iliac spine to the proximal
border of the patella. Vastus lateralis CSA was
measured at 50% of the distance from the most
prominent point of the greater trochanter to the
lateral condyle. For both muscles, 3 consecutive
CSA images were analyzed and averaged using the
polygon tracking tool in the ImageJ software to
obtain as much lean muscle as possible without
any surrounding bone or fascia (Fig. 2A and B).
The ICCs for rectus femoris and vastus lateralis
CSA were 0.99 (SEM 5 0.46 cm2) and 0.99
(SEM 5 1.26 cm2), respectively.

Muscle Thickness. Measures of MT were taken at
the same site described for CSA but with the probe
oriented longitudinal to the muscle tissue interface
for both the rectus femoris and vastus lateralis.
Within each muscle, MT was measured perpendic-
ularly from the superficial aponeurosis to the deep
aponeurosis (Fig. 2D). Three consecutive images
were analyzed and averaged offline.8 ICCs for rec-
tus femoris and vastus lateralis MT were 0.96
(SEM 5 0.11 cm) and 0.89 (SEM 5 0.12 cm),
respectively.

Fascicle Length. Fascicle length was measured
using the extended field-of-view mode. A longitudi-
nal sweep began near the distal insertion along the
muscle and continued toward the proximal head
of the muscle. Fascicle length was determined by
identifying a clear fascicle that extended continu-
ously from the superficial aponeurosis to the deep
aponeurosis. Three consecutive images were ana-
lyzed and averaged offline. ICCs for this measure
in rectus femoris and vastus lateralis were 0.75
(SEM 5 1.13 cm) and 0.66 (SEM 5 1.23 cm),
respectively.

Pennation Angle. Pennation angle of the rectus
femoris and vastus lateralis were measured using
B-mode ultrasound at the same site as MT and
CSA.18 The transducer was placed longitudinal to
the muscle tissue interface, and 3 consecutive
images were analyzed and averaged offline. Muscle
fiber PANG was determined as the intersection of
the fascicles with the deep aponeurosis (Fig. 2C).
ICCs for rectus femoris and vastus lateralis PANG
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were 0.73 (SEM 5 2.8�) and 0.86 (SEM 5 1.44�),
respectively.

Echo Intensity. Echo Intensity of the rectus femo-
ris and vastus lateralis were obtained using the
same images as for CSA (Fig. 2A), and were the
average of 3 consecutive images measured. EI was

determined by gray-scale analysis using the stand-
ard histogram function in ImageJ.5 A region of
interest within each muscle was selected by obtain-
ing as much muscle as possible without including
any surrounding bone or fascia using the polygon
tracking tool.5 EI in the region of interest was
expressed as arbitrary unit (AU) values of between

FIGURE 2. Example of ultrasound measurements of rectus femoris (RF) cross-sectional area (A), vastus lateralis (VL) cross-sectional

area (B), VL pennation angle (C), and VL muscle thickness (D). A known distance of 1 cm was used for calibration of the image analy-

sis software. For all scans, gain was set constant at 50 dB and depth to 5 cm.
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0 and 255 (0 5 black, 255 5 white); an increase in
EI reflected an increase in intramuscular connec-
tive tissue and adipose relative to lean skeletal mus-
cle. ICCs were 0.91 (SEM 5 3.47 AU) for rectus
femoris, and 0.93 (SEM 5 5.1 AU) for vastus latera-
lis. A relative measure of EI was determined by
dividing LTM by EI to calculate mass per unit of
EI.

Physiological Cross-Sectional Area. Physiological
cross-sectional area (PCSA) values of the rectus
femoris, vastus lateralis, and thigh (rectus femoris
1 vastus lateralis) were calculated based on the
relationship between muscle architectural variables
using a modified version of the structure–function
relationship proposed as follows4:

PCSA ¼ mass ðgÞ3 cos h
density ðg=cm3Þ3 fascicle ength

(1)

All muscle architectural variables were measured
by ultrasound where mass was substituted as the
CSA (in cm2), PANG was entered as cos h, density
was entered as inverse of EI (in AU), and Lf was
also entered (in cm).4 Reliability for the rectus
femoris, vastus lateralis, and total thigh PCSA was
determined from 12 participants measured 6 weeks
apart and yielded ICCs of 0.94 (SEM 5 0.26 cm2),
0.95 (SEM 5 0.29 cm2), and 0.96 (SEM 5 0.43
cm2), respectively.

Resistance Training Protocol. The RT group partic-
ipants completed a 6-week total body progressive
resistance training program consisting of 2 work-
outs per week. The program was an individualized,
periodized program including exercises of varying
progressions of all major muscle groups. At least
48 hours were allowed between sessions for full
recovery. Acute program variables were manipu-
lated throughout the 6 weeks but generally con-
sisted of 2–4 sets of 8–12 repetitions of 6–10
exercises at submaximal intensity (perceived exer-
tion was not to exceed 5–6 on a 10-point scale,
which is �70–85% of repetition maximum),
according to the OMNI scale.19 Each workout ses-
sion began with a dynamic warm-up consisting of
body weight squats, high knee walking, and limb
rotations and terminated with an appropriate cool
down. The exercise program followed the recom-
mended guidelines for older adults by the Ameri-
can College of Sports Medicine20 and was overseen
by a certified strength and conditioning specialist.

Knee Extensor Strength. Maximal voluntary iso-
tonic strength of the lower body was assessed with
a knee extension machine (Conner Athletic Prod-
ucts, Inc., Jefferson, Iowa). Participants were seated
within the machine so that the shin pad was just

proximal to the lateral malleolus, and the begin-
ning and terminating position of the leg was at 90�

of knee flexion. Participants performed an initial
set of 10 repetitions to assess comfort. After a 3-
minute rest period, a load was estimated that par-
ticipants believed they could complete for 10 repe-
titions. If more than 10 repetitions were
performed, they were stopped and the participant
rested for an additional 3 minutes. Level of per-
ceived exertion was monitored constantly using the
OMNI scale for all resistance training sessions.
When required, this process was repeated until a
load was achieved that the participant could per-
form for a maximum of 10 repetitions or less. Par-
ticipants performed up to 3 attempts to reach the
goal. After repetition maximum evaluation, the
Brzycki prediction equation [load in kg/(1.0278 2

0.0278 3 repetitions)] was used to predict maxi-
mal knee extensor strength (1RM). This method
has been validated previously in clinical popula-
tions, yielding a typical error of 4% (63.4 kg).21

Muscle Quality as Relative Strength

Measures. Muscle quality as relative strength
(MQ) was assessed by dividing 1RM by LTM. Mus-
cle quality as strength relative to echo intensity
(REI) was assessed by dividing 1RM by EI of the
thigh (rectus femoris 1 vastus lateralis) in arbitrary
units, as assessed by ultrasound.

Statistical Analysis. Results are expressed as mean
6 standard deviation unless otherwise noted. A
2-way repeated-measures analysis of variance
[group (exercise vs. control) 3 time (pre vs.
post)] was used to identify group differences and
group 3 time interactions. Analyses were con-
ducted on the following variables: CSA, MT, Lf,
PANG, EI, MQ, REI, and PCSA. Independent t-
tests were performed to detect differences between
groups at baseline. An alpha level of p� 0.05 was
used to determine statistical significance. Data
analysis was performed using statistical software
(SPSS, version 20.0.0; SPSS, Inc., Chicago, Illinois).

RESULTS

Participants. Anthropometrics did not differ
between groups at baseline for any measure (Table
1). No significant changes in any anthropometric
measure were seen in either group after the
6-week resistance training protocol. Twenty-five
participants completed the study (RT 5 13,
CON 5 12). One participant dropped out for rea-
sons unrelated to the study.

Knee Extensor Strength and Muscle

Quality. Measures of strength and relative muscle
quality before and after training are presented in
Table 2. Muscle strength (1RM) increased 31.9%
and corresponded to an increase in MQ of 31.5%
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and an increase in REI of 33.3% in the RT group.
Muscle strength (1RM), MQ, and REI did not
change in CON. Lean thigh mass relative to EI did
not change significantly in either group after
training.

Cross-Sectional Area. All measures of muscle mor-
phology, architecture, and size before and after
training are presented in Table 3. In the RT
group, CSA of the rectus femoris did not change
significantly, which was consistent with LTM
assessed by DEXA; however, there was a significant
group 3 time interaction for the RT group in the
vastus lateralis, which was accompanied by a signifi-
cant CSA increase of 7.4% (Fig. 3), as compared
with no changes observed in CSA of either muscle
for CON.

Muscle Thickness. Mean MT did not change sig-
nificantly in the rectus femoris or vastus lateralis
for either group, and no significant interactions
were observed (Table 3).

Fascicle Length. No significant changes in Lf were
seen in the rectus femoris or vastus lateralis in
either group. Rectus femoris and vastus lateralis Lf

did not demonstrate group 3 time interactions
(Table 3).

Pennation Angle. No changes in PANG were
observed in the rectus femoris or vastus lateralis in
either group. PANG of rectus femoris and vastus
lateralis did not demonstrate a significant group 3

time interaction (Table 3).

Echo Intensity. Mean baseline EI values were
81.3 6 12.6 AU and 89.1 6 10.0 AU for the rectus
femoris and vastus lateralis, respectively (Table 3).
At baseline, women had significantly higher echo
intensity of the rectus femoris than men
(EI 5 87.6 6 5.8 AU in women; EI 5 78.4 6 12.9 AU
in men). There were no significant group mean
changes in EI of rectus femoris or vastus lateralis
for the RT group. However, post hoc analysis
revealed a gender interaction (p 5 0.014), as EI of
vastus lateralis decreased in women after training.
EI for the CON group did not change significantly
in vastus lateralis; however, a main effect for time
was observed for rectus femoris. There was no sig-
nificant group 3 time interaction for rectus

Table 1. Anthropometric measures for participants before
and after training.

Group/variable Pre Post

Training (n 5 13)
Height (cm) 171.1 6 10.1 —
Weight (kg) 84.2 6 19.9 84.3 6 20.3
Body fat (%) 40.0 6 9.0 40.0 6 8.0
Age (y) 71.1 6 6.7 —
BMI (m/kg2) 28.5 6 5.2 28.5 6 5.4
LBM (kg) 47.6 6 10.6 47.9 6 10.5
LTM (kg) 5.4 6 1.3 5.4 6 1.3

Control (n 5 12)
Height (cm) 166.5 6 7.9 —
Weight (kg) 76.5 6 18.2 76.8 6 18.4
Body fat (%) 35.0 6 9.0 35.0 6 9.0
Age (y) 70.1 6 5.5 —
BMI (m/kg2) 27.5 6 5.6 27.6 6 5.5
LBM (kg) 49.5 6 13.4 49.5 6 13.2
LTM (kg) 5.7 6 2.2 5.8 6 2.4

Values presented as mean 6 standard deviation; BMI, body mass index;
LBM, lean body mass; LTM, lean thigh mass of dominant leg.

Table 2. Measures of strength and muscle quality before and after training.

RT CON

Measure Pre Post Pre Post

1RM (kg)* 39.20 6 15.90 51.70 6 17.60† 31.10 6 11.80 33.30 6 14.70
MQ (kg)* 7.14 6 1.74 9.38 6 1.65† 6.04 6 2.11 6.29 6 2.21
REI (kg/AU)* 0.54 6 0.27 0.72 6 0.32† 0.40 6 0.16 0.44 6 0.22
LTM (kg) / thigh EI 0.032 6 0.012 0.033 6 0.013 0.034 6 0.013 0.035 6 0.017

Values presented as mean 6 standard deviation; 1RM, predicted 1-repetition maximum; MQ, muscle quality as relative strength; REI, muscle quality as
strength relative to echo intensity; LTM, lean thigh mass; EI, echo intensity.

*Significant group 3 time interaction, p � 0.01.
†Significantly different than before training, p � 0.01.

FIGURE 3. CSA (cm2) of vastus lateralis before and after train-

ing in the RT (–�–) and CON (–�–) groups. *Significant group

3 time interaction after training (p < 0.05).
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femoris or vastus lateralis EI. Similarly, LTM per
unit of EI did not change significantly for either
group after training (Table 2).

Physiological Cross-Sectional Area. A significant
group 3 time interaction was observed after train-
ing for PCSA of the thigh and vastus lateralis
(Table 3); the training group tended to increase,
whereas the control group tended to decrease.
The PCSA of rectus femoris remained unchanged
after the intervention.

DISCUSSION

We have examined the effects of resistance
training on muscle morphology and architecture
inclusive of EI in a model of PCSA of the lower
body musculature in older adults. The main find-
ings of this study suggest that 6 weeks of progres-
sive resistance training may be sufficient to
increase specific measures of muscle morphology
and architecture. Interestingly, muscular adapta-
tions observed as muscle quality (as relative
strength) were not similar to changes in EI. Results
suggest that 6 weeks of resistance training may
increase strength as well as muscle architecture
and morphology in older adults.

The focus of this study was to evaluate early
muscular adaptations (within 6 weeks) of progres-
sive resistance training. This duration of training
elicited significant gains in 1RM as well as strength
relative to LTM and relative to EI. The results
show that strength gains may occur as early as 6
weeks in an older population and are supported
by previous studies in which training durations
ranged from 4 to 22 weeks.13,14,22–24 Moreover,

Tracy and colleagues reported absolute strength
gains of 29% in knee extensors in just 9 weeks,
which supports our results, although the gains they
observed were slightly less.12 Testing modality is a
possible explanation for differences observed in
strength gains between studies, as our study used
the Brzycki prediction equation to estimate maxi-
mal isotonic knee extensor strength, whereas Tracy
et al. tested maximal isometric contraction strength
using an isokinetic device. In addition, it is possi-
ble that, after training, the participants in our
study may have felt more comfortable testing at a
lower repetition maximum, which could have influ-
enced strength assessment.

No gains were observed in LTM when assessed
by DEXA; however, ultrasound revealed a signifi-
cant increase in CSA of vastus lateralis. This may
indicate that the ultrasound device is more sensi-
tive than DEXA for detection of small gains in
lean muscle mass in response to short-term resist-
ance training. Similarly, when performing com-
puted tomography (CT) scans of quadriceps
femoris in response to 12 weeks of knee extension
and flexion training in older men, Frontera et al.
reported significant gains in total quadriceps area
of 9.3%.22 These gains were attributed to signifi-
cant muscle hypertrophy and myofibrillar protein
turnover. It is possible that, with a longer training
duration, the hypertrophic gains in our study
would have approached those reported by Frontera
and colleagues. Regarding the vastus lateralis, simi-
lar results have been reported in response to resist-
ance training ranging from 12 to 16 weeks.22,25 In
addition, Frontera et al. reported that 16 weeks of
leg press training resulted in knee extensor CSA

Table 3. Measures of muscle architecture and size before and after training.

RT CON

Measure Pre Post Change Pre Post Change

RF MT 1.84 6 0.37 1.90 6 0.41 3.30% 1.75 6 0.37 1.70 6 0.40 22.90%
RF PANG 13.52 6 3.48 12.90 6 2.78 24.60% 11.58 6 3.97 10.50 6 2.90 29.30%
RF FL 7.92 6 1.57 8.20 6 1.68 3.50% 7.45 6 1.96 7.31 6 1.78 21.90%
RF CSA 7.89 6 2.43 8.20 6 2.78 3.90% 7.59 6 2.76 7.64 6 2.58 0.70%
RF EI 81.57 6 13.94 80.10 6 16.02 21.80% 83.66 6 7.91 79.94 6 7.87* 24.40%
VL MT 1.51 6 0.34 1.40 6 0.34 27.30% 1.34 6 0.43 1.27 6 0.44 25.20%
VL PANG 9.87 6 1.40 10.20 6 1.54 3.30% 10.98 6 2.80 10.13 6 2.61 27.70%
VL FL 7.45 6 1.15 7.90 6 1.40 6.00% 7.27 6 1.28 7.33 6 1.12 0.80%
VL CSA† 14.99 6 4.36 16.10 6 4.87* 7.40%* 14.39 6 4.59 14.33 6 5.01 20.40%
VL EI 91.80 6 10.79 90.10 6 8.10 21.90% 86.49 6 9.22 86.33 6 9.83 20.20%
LTM (kg) 5.42 6 1.33 5.46 6 1.39 0.70% 5.75 6 2.25 5.80 6 2.42 0.90%
Thigh PCSA† 3.12 6 1.44 3.39 6 1.64 8.7% 3.05 6 1.54 2.84 6 1.48 26.90%
VL PCSA† 1.68 6 0.68 1.92 6 0.82 14.30% 1.90 6 0.93 1.75 6 0.96 27.90%
RF PCSA 1.44 6 0.82 1.47 6 0.86 2.10% 1.15 6 0.79 1.08 6 0.65 26.10%

Values presented as mean 6 standard deviation; RF, rectus femoris; VL, vastus lateralis; MT, muscle thickness; PANG, pennation angle; FL, fascicle
length; CSA, cross-sectional area; EI, echo intensity; LTM, lean thigh mass; PCSA, physiological cross-sectional area.

*Significantly vs. before training, p < 0.05.
†Significant group 3 time interaction, p < 0.05.
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increases of 7.4%, similar to our findings. Differen-
tial observations for rectus femoris may be
explained by distinct functional anatomy and may
indicate a form of selective hypertrophy in the
early stages of lower body resistance training pro-
grams. It is possible that lower body resistance
training may not demonstrate significant increases
in CSA of rectus femoris until after 6 weeks of
training. However, structurally, rectus femoris is
the only muscle in the quadriceps that crosses 2
joints. When the hip is flexed, it may not be identi-
fied as a significant contributor to knee extension;
however, with the hip extended, rectus femoris is
activated more fully.26 H€akkinen et al. also
reported differential quadriceps muscle hypertro-
phy in response to 21 weeks of lower body training
in older women.27

We observed significant increases in CSA of
vastus lateralis that did not correspond to changes
in MT. However, when reporting MT changes after
longer training durations, Suetta and colleagues
found vastus lateralis MT to increase in older men
and women by 14.8% in response to 12 weeks of
unilateral knee extension and leg press training.28

It is possible that training durations of >6 weeks
may be necessary to cause significant changes that
are isolated to thickness of the lower limb muscula-
ture. In addition, CSA may provide a more sensi-
tive assessment of total muscle hypertrophy, as it
has been reported to better relate to the hyper-
trophic and force-producing characteristics associ-
ated with muscle size.17

Fascicle length did not change significantly in
the rectus femoris or vastus lateralis; however, in
response to training durations of 14 weeks, signifi-
cant increases have been reported in older
adults.29 In 2009, Reeves et al.29 examined the
effects of 14 weeks of resistance training, compar-
ing eccentric training with conventional training
modalities in older adults. They found significant
increases in both groups, although significantly
greater gains were reported in the eccentric train-
ing group than in the conventional training
group.30 It is likely that architectural changes in Lf

may require training durations of >6 weeks.
The short duration of the training program

employed in our study resulted in no significant
changes in PANG for either rectus femoris or
vastus lateralis. In previous studies of longer dura-
tion (12–14 weeks), increases in PANG of vastus
lateralis were reported to range from 13% to
22%,13,28,29 whereas others indicated that similar
durations of training may increase PANG up to
35%.30 Our findings may suggest that a longer
duration of training is needed to exhibit changes
in fiber orientation relative to the force-generating
axis. There is limited research available regarding
changes in PANG of rectus femoris.

Muscle quality, as defined by EI of rectus femo-
ris and vastus lateralis, did not change in the RT
group after training. Surprisingly, our results indi-
cate a main effect of time for rectus femoris EI in
controls, although the study protocol was designed
to minimize the potential acute effects of prior
exercise on EI measurements by allowing a mini-
mum of 72 hours between the last bout of exercise
and ultrasound measurements. Further studies are
required to better understand EI responses to
acute exercise. It is likely that changes in EI in
older adults in response to resistance training may
require training durations of >6 weeks to elicit sig-
nificant improvements despite significant changes
in strength and muscle architecture. Based on
changes observed in muscle morphology, primarily
in vastus lateralis, changes in muscle size may
occur earlier than changes in the composition of
muscle that pertain to infiltration of intramuscular
connective tissue and/or adipose tissue.

This study has addressed changes in muscle
morphology and architecture inclusive of EI in a
model of PCSA of the lower body musculature in
older adults after resistance training, but the study
sample size was not powered statistically a priori to
describe gender differences. However, in post hoc
examination of the data by gender, we observed a
significant difference at baseline for echo intensity
of rectus femoris between men and women. At
baseline, women had higher echo intensity of rec-
tus femoris (lower muscle quality) but not vastus
lateralis. In addition, we observed significant differ-
ences at baseline in vastus lateralis CSA, as well as
PCSA of rectus femoris and vastus lateralis, with
men having greater values. When we examined
gender differences in response to resistance train-
ing, EI of vastus lateralis was the only measure to
show a significant gender difference; EI of vastus
lateralis decreased in women with training. This
difference may be due to gender differences in
body composition or hormonal influences on mus-
cle quality changes. However, as older men and
women in our study showed some preliminary dif-
ferences in muscle size and architecture, further
studies are needed to elucidate gender differences
in muscle composition and architecture in
response to interventions in older adults.

Echo intensity relative to LTM did not change
significantly in the RT or CON groups. Similar to
the observations with EI, it may be apparent that,
within this time frame, neurological adaptations
contribute to a greater degree to the observed
changes in strength. This is consistent with what is
generally understood regarding initial strength
gains in novice trained individuals.31

Resistance training in this study was successful
in attenuating the decline in PCSA that is generally
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observed with aging.32 In contrast to our results,
however, resistance training has been reported to
have no effect on PCSA in healthy older adults
after 14 weeks of training,13 as well as in older
adults after resistance training preceded by an
immobilization period.14 It is important to note
the inconsistency in methodologies for the calcula-
tion of PCSA. The methods used by Reeves et al.
were based solely on the ratio of muscle volume to
fascicle length, whereas Suetta et al. used muscle
volume but did not account for muscle density. In
our study, muscle CSA was used in addition to EI
as a measure of muscle density33 in an effort to
provide a more composite measure of muscle
architecture.

We examined changes in muscle morphology
and architecture inclusive of EI in a model of
PCSA of the lower body musculature in older
adults after resistance training. Six weeks of pro-
gressive resistance training was sufficient to
increase muscle strength, muscle quality (relative
strength), and muscle architecture, but not echo
intensity. Although previous research has attrib-
uted earlier strength gains from acute resistance
training to primarily neuromuscular adaptation,
results from the present study reveal muscle size
changes by ultrasound, but not DEXA, after 6
weeks of training, most likely due to the differen-
ces in sensitivity to change between the devices.
Our findings also indicate that composite ultra-
sound measures of PCSA are related to maximal
leg extensor strength in older men and women.

The authors thank the Learning Institute for the Elderly (LIFE)
group at the University of Central Florida for their financial sup-
port and participation throughout this project.
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