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pecificity of training is a
well-recognized principle of
exercise physiology. Mus-
cles adapt to the specific
training stimulus imposed
upon them: swimmers train by swim-
ming, weight lifters train by lifting
weights, football players train by run-
ning and throwing. These strategies
have proven effective for athletes;
however, they have not been applied
to exercise regimes aimed at improv-
ing daily activities in older adults.
Traditional exercise programs use
endurance training, single joint
strength training, or a combination
of the two, but often they do not pro-
duce an improvement in functional
measures (3). This traditional ap-
proach to exercise is prescribed for
the general public with the intention
of improving activities of daily living,
yet they do not incorporate these ac-
tivities into the training. Although
resistance training using machines
strengthens each muscle in isolation,
these programs do not incorporate
integrated performance into the
training regime, Functional perfor-
mance requires the integration of
multiple joints and several muscle
groups. In an activity such as stair
climbing, the integrated strength of
the quadriceps, hamstrings, hip flex-
ors and extensors, and plantar flexors
is involved. Merely strengthening
each muscle in isolation does not
train the muscles to work in a coordi-

Response to physical training at the cellular and whole muscle level has been established in
older adults. However, the underlying molecular mechanism responsible for change has not been
described nor have the relationships between change in muscle structure and functional perfor-
mance been established. The purpose of this research study is to evaluate the changes of muscle
ultrastructure, muscle strength, and whole body functional performance as a result of a functionally
directed exercise program (stair climbing). Women (65-83 years old) selected either the control
(no exercise; N = 6) or exercise (N = 7) group. The I-year functionally based exercise program
was both aerobic (75% heart rate reserve) and resistive (weighted stair climbing). Muscle ultra-
structure, determined by quantitative morphometry of the vastus lateralis tissue, and maximal step-
height achieved by each subject were related to isokinetic strength and muscle morphology.
Changes in myofibrillar area accounted for 48% of the variance in muscle strength changes,
Change in muscle contractile protein was the underlying basis for change in thigh strength which,
in turn, was the basis for functional performance. These data provide evidence that, in older
women, a mild functionally based training program results in improved muscle structure and

performance of the lower body.

Key Words: muscle ultrastructure, physical function, elderly
! Research Assistant Professor, University of Washington, Department of Medicine/Geriatrics, ZA-87,

Seattle, WA 98127

2 Associate Professor, University of Washingtan, Department of Radiology, Seattle, WA

* Teacher, Shelton High School, Shelton, WA

* Associate Professor, Oakfand University, Department of Biological Sciences, Rochester, Mi
* Research Assistant Professor, University of Tibingen, Department of Neurology, Tithingen, Germany
The research was funded by NIA: R28-AG10267; RO1 AG10853; and RO1 ACO754-02; the Dana

Foundation; and the American Physiological Seciety.

nated fashion to accomplish a multi-
muscle task, such as stair climbing.

Recent research using resistive
training in the older adult has been
shown to increase muscle fiber area
(4-7) and strength (4-7,12). The
changes in strength with resistive
training have been attributed to both
neural adaptation (12) and muscle
hypertrophy (4-7). However, the ul-
trastructural basis for changes in fi-
ber area has not been investigated in
the elderly nor has the ability of

these programs to translate into func-
tional performance been reported.
The purpose of this study is to
evaluate the ability of exercise train-
ing to change physical function and
to investigate the underlying muscu-
lar changes responsible for change in
function. This program used stair
climbing with weighted backpacks as
a resistive training stimulus. Muscle
morphology, strength, and lower ex-
tremity functional performance were
evaluated. Our evaluation incorpo-
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tubing for upper body strengthening
(20 minutes combined with stair
walking), and 10 minutes of warm-up
and stretching. Cardiovascular work
was performed at 75% of the sub-
jects’ heart rate reserve [(maximum
heart rate — resting heart rate) X
75% + resting heart rate]. The ses-
sions were held three times/week, for
60 minutes/session, for 50 weeks (5).

Muscle Biopsy

The vastus lateralis was chosen
because of the high involvement of
the knee extensors in both the ascent
and descent on stair climbing (11).

Ultrastructural analysis  Pre-
training and posttraining muscle bi-
opsy tissue from the vastus lateralis
was embedded and analyzed for six
control and seven exercise subjects.
At the time of biopsy, the tissue was
divided for light and electron micros-

Pretraining and
posttraining muscle
biopsy tissue from the
vastus lateralis was
embedded and
analyzed for six
control and seven
exercise subjects.

copy. The tissue was trimmed of any
fat or fascia, and fibers were aligned
before being fixed in 4% buffered
gluteraldehyde rinsed in a cacodylate-
sucrose mixture. The samples were
then processed in 1% osmium-tetrox-
ide, dehydrated, and infiltrated with
50% propylene oxide and 50% Epon
(A&B) resin. Ultra-thin transverse
sections were cut and stained with
uranyl acetate and lead acetate (8).
Photomicrographs were taken on
plate film using a Philips 410 elec-

FIGURE 2. Eectron phatomicrograph of the vastus lateralis muscle biopsy. Magnification = 27.200% i = lipid.

mt = mitochondria. sa = sarcoplasm, fi = fiber, bar =

tron microscope (The Netherlands),
and the negatives were analyzed at a
final magnification of 27,200x. Four
fields were randomly selected on
each of 10 micrographs to yvield 40
fields for analysis of each sample.
The following structures were quanti-
fied by point-counting using a B36
grid (144 test points): mitochondria,
myofiber, sarcoplasm, and lipid (8,
14) (Figure 2). The point-counts
vield area ratios (eg., mitochondrial
point-count/ total point-count) that
are estimates of the volume ratios,
according to standard stereological
methods. Point-count density is ex-
pressed as a percent. According to
geometric probability theory (14), an
absolute area of ¢ach component re-
sults from the product of these vol-
ume densities and the cross-sectional
area of the fiber expressed as mi-
crometers squared. A representative

photomicrograph is shown in Figure 2.

Histochemical analysis  Histochem-
ical and ultrastructure analyses were
done from the same muscle biopsy
tissue sample. Muscle tissue was ob-
tained from the midsection of the
vastus lateralis. Muscle fibers were
aligned and quick-frozen in liquid

-

2 um.

nitrogen; sections were cut on a cryo-
stat microtome; ATPase reaction at
pH 9.4 after preincubation at pH 4.3,
4.6, and 10.3 was used to determine
fiber type (2); and the cross-sectional
area was determined by planimetry.
At least 100 fibers were analyzed on
each sample, and the investigator was
blinded to the sample identification.
Further details of the histochemical
preparation are reported in Cress et
al (5).

Isokinetic Strength

Pretraining and posttraining iso-
kinetic strength measures are re-
ported as isokinetic work at 1807/sec
(work180). Isokinetic work is the in-
tegrated area under the peak torque
curve. As isokinetic measures evaluate
individual muscle groups, we use
principal components (o statistically
integrate these measures into a single
summary score (1). A dynamic
strength index was determined
through principal components statis-
tical analyses (1) of all isokinetic data
(peak torque and work for knee ex-
tension/flexion at 60, 180, 240, and
3007 /sec). This method of weighted
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rates muscle fiber structure of the
vastus lateralis and thigh muscle
strength in septuagenarian women
(5). We have examined the ultra-
structural components of the muscle
fiber and maximal achieved step-
height, a functional measure of

The ultrastructural
basis for changes in
fiber area has not been
investigated in
the elderly.

whole body performance. These mea-
sures are added to expand our un-
derstanding of the relationship be-
tween changes in local muscle
morphology and strength and how
that relationship can influence whole
body performance. Figure 1 illus-
trates the study design for analysis of
the relationships from ultrastructural
morphology to whole body perfor-
mance. We first characterize the ul-

FIGURE 1. Study design.

* Isokinetic work at 180%%5ec.
t Significantly different from control (p < .05).

trastructural changes underlying the
gross fiber crosssectional area in-
creases found in subjects in the exer-
cise group. Next, we evaluate the re-
lationship between the myofibrillar
area and the isokinetic strength of
thigh extension and an integrated
measure of thigh strength. Finally, we
determine the relationship between
maximal thigh strength and maximal
achieved step height.

We address three questions:
1) what is the ultrastructural basis for
muscle fiber changes occurring with
training in the elderly? 2) what is the
relationship between changes in mor-
phology (ultrastructure and fiber
area) and local muscle strength? and
3) what is the relationship between
local muscle properties and whole
body performance?

METHODS
Subjects

Healthy, older women, from 65
to 83 years of age, with no known

cardiovascular, neuromuscular, or
metabolic disease volunteered as part

Whole-body perk
maximal step height (cm)

TABLE 1. Preintervention and postintervention subject characteristics for the electron microscopy subgroup.
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of a larger study (5). All procedures
were approved by the Medical School
Human Subjects Research Committee
at the University of Wisconsin-Madi-
son, Madison, WI, and all subjects
signed an informed consent form. As
electron microscopy processing is
expensive and labor-intensive, we ana-
lyzed a subset of the original group.
For electron microscopy, all control
paired (preintervention and postin-
tervention) samples with good tissue
samples were processed (N = 6). To
evaluate the hypothesis, change in
ultrastructure as a result of the train-
ing program, we made an a priori de-
cision to process samples from seven
exercise subjects that demonstrated
the greatest changes in strength. De-
mographic data and selected subject
characteristics are shown in Table 1.

Exercise Training

The program combined aerobic
and resistive training. Weighted stair
climbing provided resistance to the
legs as subjects carried 10% of their
body weight in a backpack. Stair
climbing (ascent and descent) was
chosen because it is a functional ex-
ercise that recruits the vastus lateralis
in eccentric and concentric move-
ment in the last 30° of extension
(11). Each flight of stairs consisted of
24 steps, with risers 15 cm high. Each
subject ascended and descended the
stairs eight times per session. In addi-
tion to stair climbing, each session
included endurance dance (30 min-
utes), resistive exercises using elastic

o
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* Significantly different from control (p < .03).
TABLE 2, Ultrastructural volume density measurements for control and exercise groups preintervention and postintervention,

averaging is an integrated measure of
thigh strength reported in standard
deviation units. The summary score
known here as the dynamic strength
index integrates all isokinetic mea-
sures rather than having to select one
dependent variable (ie., knee exten-
sor strength) to represent thigh
strength. The dynamic strength index
more nearly approximates functional
leg capacity than any one measure
alone. The statistical procedure is
detailed in Cress et al (5).

Stair Performance

Stair ascent was used to evaluate
functional performance because the
knee extensor muscles play a domi-
nant role in stair climbing (11). Fol-
lowing the training period, maximal
attainable riser height was deter-
mined by using eight stair sets, rang-
ing in height from 22 to 74 cm (riser
increments of 7.6 cm). Each stair set
had two steps with black sides and a
top and a 2-cm wide white strip mark-
ing the bottom and front edge of
each step. All subjects participated in
the measurement of their stair per-
formance. The stair sets were placed
in a semicircle, with step-heights in
random order. Standing alone in the
center of the semicircle, the subject
identified and attempted the staircase
with the greatest riser height she
thought she could climb without out-
side support or use of the hands, If
the subject failed in the first attempt,
she was directed to the next lower
staircase to make a second attempL.
This procedure was repeated until

JOSPT » Volume 24 « Number 1 » July 1996

the subject met with success. If the
subject was able to climb the first
staircase easily, she was led to the
next higher case until she was unable
to climb the stair in a bipedal fashion
without outside aid. Of the eight
stairs available to the subjects, only
three heights (22.86, 35.56, and
46.99 cm) in the midrange of those
available were achieved by the sub-
jects. The details of the procedure
are described in Konczak et al (9),

Statistical Analysis

The a prioni selected variables
were the only variables analyzed. Sta-
tistical procedures were performed
using SPSS version 6.0 (SPSS, Inc.,
Chicago, IL). Prechanges and
postchanges within each group (con-
trol and exercise) were compared
using a paired { test. Pearson correla-
tion was used to establish relation-
ships on all dependent and indepen-
dent variables. Means * standard
deviations are reported unless other-
wise noted. One-way analysis of vari-
ance (ANOVA) was used to deter-
mine significant differences between
groups and for the mean strength
and morphology variables at each
stair height. The eta® from the
ANOVA procedure was used to show
the strength of the association be-
tween stair height and strength
(work180, dynamic strength index)
and morphology (myofibrillar area).
Eta” provides information regarding
unique variance between interval
(strength) and ordinal (stair height)
scales. It is used here to provide in-

formation commonly reported as R*
when relating two interval scales. A
probability of p < 0.05 was chosen
for statistical significance. Effect size,
a procedure used in meta-analysis
studies, was determined by subtract-
ing the change in the control group
from that of the exercise group and
dividing by the standard deviation of
the change (effect size = A exer-
cise — A control/standard deviation
of change) (10). Effect size is a use-
ful method of expressing the net
value of an intervention, taking into
account not only changes from base-
line in the exercise group but also
prevention of loss in the control
group over the same time period.

RESULTS

Subject Characteristics

Selected physiological characteris-
tics of the subjects are listed in Table
1. For these same characteristics, the
subset of subjects reported here did
not differ statistically from the larger
group from which they were selected
in either baseline or posttraining
measures (5). However, at baseline.
the exercise group subset had signifi-
cantly (p < .05) lower mean fiber area
and strength than the control group.
Program compliance was 86%, with
subjects attending 89% of all sessions.

Ultrastructure Volume Density
and Area

The preintervention o postnter-
vention volume densities for muscle
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Type fla Type i Mesn Fiber Arss

Muscle Fiber Cross-ssctional Area
FIGURE 3. Change from baseline to posttraining in

mean muscle fiber cross-sectional area by light mi-
croscopy in micrometers squared (** = p < .05).

organelles in both the control and
exercise groups are listed in Table 2,
No intergroup differences were de-
tected in either preintervention or
postintervention samples. However,
change in myofibrillar volume density
for the exercise group was signifi-
cantly (p < .05) larger than that of
the control group.

The mean fiber area was calcu-
lated from the mean cross-sectional
areas of Type I, Type Ila, and Type
IIb. The area was calculated in the
following manner: (Type I area X
Type I N) + (Type Ila area X Type
lIa N) + (Type Hb area X Type Hb
N)/total N of fibers = mean fiber
area. The mean = SEM change in
the mean fiber area from baseline is
shown in Figure 3. Geometric proba-
bility theory allows one to estimate
volume density based on the ratio of
areas of the structure of interest and
the surrounding structures (14). We
determine the area of the subcellular
components of interest by multiply-
ing the volume density of the compo-
nent by the subject’s mean fiber area
determined from light microscopy
(eg., myofiber % X mean fiber area
= myofibrillar area). The change in
area (pm®) for each ultrastructural
category is shown in Figure 4. A sig-
nificant change (p < .05) in the myo-
fibrillar area was seen in the exercise
group with training (exercise =
41111 = 160 um®; control = —426
+ 312 um?; p = .08), but no signifi-
cant change following the training

8

program was seen in any other or-
ganelle. In the exercise group, the
decrease in mitochondrial volume
density (A0.39%; Table 2) was com-
pensated for by an increase in mean
fiber area (average of all fiber types)
(A404 um?®), so that no net change
in the total mitochondrial content of
the muscles occurred with this train-
ing program (Figure 4). Both the
myofibrillar density (44.2%) and
myofibrillar area (A411 um?) in-
creased with training in the exercise
group. Accounting for a large frac-
tion of the variance (38%) in the
change in the myofibrillar area was
the change in Type IIb fiber area,
which agrees well with the 42% con-
tribution of the change in Type IIb
fibers to the change in mean fiber
area following training (5). The ef-
fect size of 1.196 for the exercise in-
tervention indicates that the interven-
tion increased the mean fiber area
greater than | standard deviation
over that of the controls. For in-
stance, the effect size for myofibrillar
area was 3.5, indicating that the inter-
vention increased the contractile pro-
tein content 3.5 standard deviations
over that of the control subjects.

Strength
Significant and opposite direc-
tional changes from baseline were
seen between the exercise and con-
uol groups for isokinetic work at
1807 /sec for extension (work180). In
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FIGURE 4. Change from baseline to positraining in
ultrastructural area in micrometers squared (** = p <
.05).
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Dynamic Strangth Index
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Maximal Stair Height

FIGURE 5. Maximal stair height and dynamic strength
index {** = p < ,05).

the control group, baseline work was
38.8 = 3.2 Nm, which decreased by
5.0 £ 1.4 Nm. In the exercise group,
baseline was 43.7 * 2.0 Nm, which
increased by 7.8 £ 1.5 Nm (p < .05).
The effect size was 6.3, indicating
that the positive change in the exer-
cise group (7.8) was greater than 6
standard deviations above the loss in
the control group (—5.0) over the
vear of the study. For both groups,
the change in Type IIb fiber area
(over 1 year) was significantly (p <
0.05) correlated with the change in
work180 (r = 0.42) and with the
change in the integrated thigh
strength (r = 0.55). No significant
correlation was found at baseline be-
tween myofibrillar area and the work
(r = 0.346; p = 0.08) or dynamic
strength index (r = 0.330; p = 0.09)
strength measures. However, change
in the myofibrillar area (pretraining
to posttraining period) was significantly
associated with strength (work180, r =
0.69; dynamic strength index, r =
0.59). Even though the baseline values
for the fiber crosssectional area and
strength (work180) were significantly
different, the focus of this paper is the
relationships and the magnitude of the
changes in these muscle characteristics.

Stair Performance

The riser height that each subject
could climb was determined after the
training period. Of the eight possible
risers from which the subjects could
choose, all subjc:cm‘ maximal
achieved heights were one of three
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riser heights (22.86, 35.56, and 46.99
cm). The muscle fiber properties, leg
strength, and thigh strength at the
highest achieved riser height were
compared by analysis of variance.
Work180 was significantly (F = 10.23;
p = .003) different for the lowest to
the highest riser height (28.0 £ 1.0,
43.6 + 4.9; 47.0 = 9.6, respectively),
with strength accounting for 65%
(eta” = .6509) of the performance.
This same pattern was seen in the
dynamic strength index and is illus-
trated in Figure 5, with strength ac-
counting for 60% (eta® = .5966) of
performance ability. The underlying
structural properties and myofibrillar
area (um?) were also significantly
different among the achieved riser
heights (F = 13.18; p = .015), indi-
cating that 73% (eta® = .7357) of the
variance in stair performance is due
to underlying contractile protein.

DISCUSSION

This functionally based training
program, including weighted stair
climbing, produced significant effects
in the muscle fiber cross-sectional
area and strength measures. We show
that the increase in myofibrillar area

The increase in
myofibrillar area was
the underlying basis
for the change in fiber
cross-sectional area of
the vastus lateralis.

was the underlying basis for the
change in fiber cross-sectional area of
the vastus lateralis. In addition, we
find that these fiber and strength
properties explain more than 60% of
the maximal step height performance
(Figure 6).
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FIGURE 6. Study outcomes,

Ultrastructural Changes

What were the subcellular mor-
phological changes that accompanied
training, and how did these changes
relate to the fiber crosssectional area
increases in these septuagenarian
women? At the beginning of training,
these women had mitochondrial vol-
ume densities in their vastus lateralis
similar to those reported for younger
females (8). The pretraining mito-
chondrial volume densities averaged
3.1 + 0.8% for the combined groups,
which is similar to the value (3.9 +
0.4%) for 31-year-old women but
smaller than the value (4.7 + 0.8%)
reported for 28-year-old men (8).

Over the l-year program, Figure
4 illustrates that the ultrastructural
change was principally due to change
in myofibrillar area, with all other
components remaining unchanged.
These data support the finding of
Wang et al (13) that the increase in
myofibrillar volume with resistive
training has the effect of “diluting
the organelles” of the muscle cell in
young subjects. Forty-two percent of
the changes in fiber cross-sectional
area were due to alterations in the
Type ITb area (Figure 8). The change
in Type IIb fiber area accounted for
62% (r = .79) of the variance in
myofibrillar area (Figure 6).

Many studies of training pro-
grams for elderly subjects are only
8-12 weeks in length (6,7), and early
changes in strength have been attrib-
uted primarily to neuronal changes
(12). These data show that the
strength training effects in the el-
derly also reflect underlying myofiber
adaptation during this year-long pro-

total myofibrillar area (um’ ) o’ =73
| work 120 s (Nm)
== =] [ ..
maximal height
dynamic strength index (c!:;p
Type lib{um’ ) _— L Ghu

gram in the elderly. The exercise
program had a positive effect on
both morphology (effect size = 3.5)
and strength (effect size = 6.3), with
the exercise group showing a marked
improvement over the loss in the
control group.

Muscle Structure and Strength

How are structural changes in
the vastus lateralis related to parallel
changes in isokinetic strengthr We
report knee extension strength be-
cause of the important contribution
of the knee extensors in the ascent
and descent of stair climbing (11).
We collapsed these highly related
variables (knee extension/flexion,
peak torque, and work at four angu-
lar velocities) into one number, the
dynamic strength index, using princi-
pal components, a method of
weighted averaging (1). We thus gain
an integrated measure of thigh
strength, rather than relying on one
isolated muscle measure to represent
lower body strength. Change in con-
tractile protein measured as myofi-
brillar area explained 48% (r = .69)
of the isokinetic strength (work180)
and 35% (r = .59) of integrated
thigh strength (dynamic strength in-
dex). These findings indicate that
changes in the representative fibers
from a single muscle (vastus lateralis)
relate most closely to the strength for
the quadriceps group. However,
these changes also reflect the func-
tional changes of the thigh as a
whole. By using a summary measure,
we can reduce the number of com-
parisons that need to be made with-
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out losing statistical information. The
dynamic strength index and mean
fiber area are summary measures of
strength and morphology, respec-
tively. The effect of the intervention
on integrated thigh swength (dynam-
ic strength index), 1.3, was of the
same magnitude as the effect size on
the cross-sectional area (mean fiber
area, 1.2). The direction and magni-
tude of the changes in muscle struc-
ture and function are the primary
focus of this paper. These relation-
ships hoid in spite of the fact that
the baseline absolute values for the
mean fiber area and work180 for the
two groups were significantly differ-
ent from each other (Table 1).

One of the benefits of a function-
ally based exercise program is to
strengthen several if not all the mus-
cles around a joint. Muscles around
the same joint are all highly corre-
lated in strength, eg., quadriceps to
hamstrings strength. We used the
dynamic strength index to relate
thigh strength to functional perfor-
mance. Our measure of integrated
functional performance was maximal
achieved step-height, We used maxi-
mal step-height as a functional out-
come because it is similar to the es-
sential daily function of elevating the
total body weight from the floor with
one leg. As indicated in Figure 6, the
change in muscle contractile protein
structure (myofibrillar area) was asso-
ciated with the change in the fiber
area (Type IIb area), which, in wurn,
was reflected in the change in
strength (work180, dynamic strength
index). The relationships of the myo-
fibrillar area and the dynamic
strength index to maximal achieved
step-height were similar. Greater than
60% of the maximal step-height
climbing ability is explained by thigh
strength, which agrees well with 73%
explained by underlying muscle struc-
ture. These data show that the effects

10

of structural and strength training
translate to functional ability.

CONCLUSIONS

This functionally based training
program resulted in muscle fiber and
isokinetic performance adaptations,
indicating that elderly muscle shows
similar plasticity to functionally ori-
ented tasks as it does to more special-
ized regimes. The adaptations of the
vastus lateralis as indicated on the
ulrastructural and fiber level were
reflected in increased strength,
which, in turn, was translated into
improved whole body performance.
Clearly, the specificity of the training
response can be exploited at the
functional level by using activities
that integrate a number of muscle
groups in the exercise regime. These
structural and strength changes can
translate in performance in activities,
such as stair climbing, that are impor-
tant for independent living.
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