
Transferability of Strength Gains from
Limited to Full Range of Motion

YARON BARAK1,2, MOSHE AYALON1, and ZEEVI DVIR3

1Laboratory of Biomechanics, Zinman College of Physical Education and Sport Sciences, Wingate Institute, Netanya,
ISRAEL; 2Sargent College of Health and Rehabilitation Sciences, Boston University, Boston, MA; and 3Department of
Physical Therapy, Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, ISRAEL

ABSTRACT

BARAK, Y., M. AYALON, and Z. DVIR. Transferability of Strength Gains from Limited to Full Range of Motion. Med. Sci. Sports
Exerc., Vol. 36, No. 8, pp. 1413–1420, 2004. Purpose: This study was aimed at exploring the transferability of short range of motion
(RoM) isokinetic conditioning on quadriceps performance inside and outside the trained range. Methods: Fifty-five women were
randomly assigned to one of four groups: G1 (N � 14) and G2 (N � 14) trained concentrically at 30 and 90°·s�1, respectively, whereas
G3 (N � 13) and G4 (N � 14) trained similarly but using the eccentric mode. All four groups trained within 30–60° of knee flexion.
The training paradigm consisted of 4 sets of 10 maximal repetitions, 3� wk�1 for a total period of 6 wk. Before the training period
and 2 d after its termination, the isokinetic work output (Wisk) was assessed within three angular RoM: 85–60° (R1), 60–30° (R2), and
30–5° (R3). Isometric peak extension moment (PM) and rate of force development (RFD) were evaluated at 10°, 45° and 80°. Results:
Significant increases were observed in the isometric output (at all three angles), Wisk (in R1 and R2), and the RFD (45°). The PM
increased significantly more in G3 and G4 compared with G1 and G2, evidencing specificity of contraction mode. Conclusion: These
findings point out to the potential benefits of short RoM conditioning, particularly in those cases where, during specific phases of
rehabilitation, a wider RoM may be contraindicative. Key Words: REHABILITATION, RESTRICTED ROM, ISOKINETICS,
COMPERATIVE STUDY

Joint injuries very often result in restricted range of
motion (RoM), stiffness, and muscle atrophy, leading to
limitations in patient mobility (2,27). Therefore, reha-

bilitation is aimed at regaining full RoM and recovery of
muscle performance, which may progress from submaximal
isometric exercise at specific points in the RoM to maximal
full RoM eccentric exertions (15,23). However, prescribing
an optimal rehabilitation protocol is still an elusive issue
although it stands to reason that elements like joint loads and
the duration of exposure to such loads are critical factors (6).

With respect to the particular training protocol, the prob-
lem of specificity is of paramount importance (5). The
scientific literature is replete with various examples of spec-
ificity of training. The so-called transfer of training namely
the extent to which one training modality or system results
in significant improvement in another. These instances in-
clude but are not limited to strength benefits gained from the
concentric (Con) into the eccentric (Ecc) mode, from low
speed into high speed, from isometric into dynamic, from
the trained limb into the contralateral–untrained limb. How-

ever, relatively little is known regarding the effect of train-
ing using short RoM on muscle performance outside the
trained range.

It should be emphasized that normal dynamic voluntary
muscular contraction involves all the neurophysiological
mechanisms taking part in generating force. This applies
equally regardless of the RoM (17) and possibly irrespective
of the mode of contraction, Con or Ecc. However, if in the
case of isokinetic determination of strength, strength is
derived from short RoM using the commonly employed
angular velocities (e.g., 90°·s�1) the time allowed for active
contraction may be curtailed considerably. The extent to
which this time factor affected the dynamic performance
was only once alluded to (22).

Upon adjustment of the velocity to the RoM, a different
picture is revealed. In a recent study of shoulder flexors
concentric and eccentric performance (5), strength scores
obtained upon were compared between testing at a “long”
RoM of 80° were compared with those derived from a
“short” RoM of 16°. The velocity gradient was correspond-
ingly adjusted to a 1:5 gradient (16°·s�1 vs 80°·s�1) and
their multiples. Findings indicated that in spite of compress-
ing the test RoM fivefold, there were high positive correla-
tions coefficiencies between the strength scores obtained
based on the two distinct RoM.

However, to what extent this analogy applies to muscle
performance conditioning is still unknown. Using isometric
conditioning that was based on a diversity of joint angles, a
number of studies indicated that angular specificity ranged
up to 22° (21). Graves et al. applied dynamic training of the
knee (10) and lumbar (9) extensors using RoM of 60° and
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36°, respectively. Both studies revealed angular specificity
but as only isometric data was collected, no dynamically
based performance variables, which reflect functional fac-
tors in daily living (2) or sports activities (23) could be
derived.

If strength conditioning within limited RoM can be
shown to be transferable outside the trained range, such a
method would have a distinct advantage. For instance, in
patients with impaired anterior cruciate ligament (ACL), a
bilateral deficit of 20–30% in quadriceps strength has been
observed (14,18). This deficit has significant functional
implications. To prevent further muscle deterioration, a ded-
icated training program should aim at overloading this mus-
cle group in order to regain as almost normal level of
performance as possible. However, patients who have un-
dergone reconstruction of impaired ACL should not subject
their quadriceps to progressive resistive exercise within the
0–30° of knee flexion, to avoid excessive shear forces that
may endanger the graft (2,27). On the other hand, this very
range is of prime importance form the functional point of
view. To address this problem, alternative training programs
such as leg squat or leg press were advocated (2). However,
when the quadriceps muscle is involved in multi-joint ac-
tivity, so-called closed kinetic chain (CKC), some biome-
chanical barriers must be taken into consideration. First,
because the rectus femoris crosses two joints, CKC exer-
cises limit the ability to control muscle length. The latter is
known to be a crucial factor in strength generating (17), rate
of force development (24) and specificity of RoM (5,21).
Second, during lower-extremity CKC tasks, the hamstrings
take an active part. Thus, isolating quadriceps muscle
strength gains becomes a tangled task. Third, quadriceps/
hamstrings strength ratio is a vital factor regarding func-
tional knee stability (1,13) that can be assessed accurately
only with open kinetic chain (OKC) evaluations. The bio-
mechanical factors mentioned above imply, that although
exploring the specificity of training in terms of a single
muscle group, OKC training is probably the adequate
method. Furthermore, recent rehabilitation studies revealed
that OKC exercise were not inferior to CKC exercises with
respect to patellofemoral joint pain (3,7,28), during early
postoperative ACL reconstruction (12,19,20), and even re-
garding pain reduction and functional abilities (walking and
stair climbing) among adults with osteoarthritis of the knee
(26). In a recent study, it was found that external compres-
sive load application to the foot, such as body weight, do not
shield the ACL from strain (8). Hence, the use of short RoM
training, outside the risk zone as well as (in other cases) the
painful arc while using OKC, is an intriguing option that
might assist in understanding the specificity of strength
training more thoroughly.

Therefore, the main objective of the present study was to
examine the transferability of short RoM performance gains
into a larger (heretofore, “full”) RoM. We hypothesized that
some permutations will occur bi-directionally both to the
inner and outer range of motion. Finally, it was hypothe-
sized that the gains of W at the trained RoM will be greater
compared with the untrained RoM.

METHODS

Subjects

Fifty-five young healthy physical education female students
(age � 23.5 � 1.4 yr, height � 165.2 � 5.9 cm, weight � 56.4
� 6.7 kg), without previous knee injuries, volunteered to take

FIGURE 1—Angles and direction of movement during isokinetic con-
centric and eccentric tests and training of the knee extensors.

FIGURE 2—Knee extensors isokinetic moment curve. R1, 60–85° of
the outer RoM; R2, 60–30° of the trained RoM; R3, 30–5° of the inner
RoM.

TABLE 1. Subjects characteristics.

Group
No. of

Subjects Age (yr) Height (cm) Weight (kg)

G1 14 23.8 � 1.2 167.3 � 5.6 56.7 � 8.8
G2 14 23.6 � 1.3 162.4 � 5.8 53.9 � 4.1
G3 13 23.2 � 1.9 165.3 � 7.0 56.5 � 6.9
G4 14 23.4 � 1.2 165.8 � 5.3 58.8 � 7.0
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part in this study. They were randomly divided into four
experimental groups as detailed in Table 1.

None of the subjects participated in any professional or
vigorous muscular exercise 3 months before and during the
study. The study was approved by the Institutional Review
Board, Tel Aviv University. Each subject read and signed an
informed consent form. Subjects were excluded from the study
if they reported any pain during exercise or tests. Three sub-
jects were excluded during training—one from group G1 and
two from G4 (see these groups training protocol below).

Design
Pre- and posttraining strength tests. Uniform tests

were conducted 1 wk before the training sessions (pretest)

and 2 d after termination of the training period (posttest), on
the dominant leg (51 R and 4 L), that was defined as the
preferred kicking leg (in soccer). The tests as well as the
training were performed using a Biodex System II (Biodex
Corp., Shirley, NY) isokinetic dynamometer. Before the
test, each subject underwent the following procedures. The
lateral femoral and tibial condyles were identified and
marked. The space between these points was marked and
considered as the sagittal axis of the knee joint (11). Sub-
jects were stabilized in a seated position using Velcro straps
for the thighs, with the hip joint at 110°, the axis of the knee
joint aligned with the axis of motor, and the distal pad of the
lever arm attached with Velcro straps 5 cm proximal to the
lateral malleolus. Subject were instructed to reach a full

FIGURE 3—Changes in work values (%) in G1 (training Con at
30°·s�1), in different range of motions. R1, 60–85°; R2, 30–60°; R3,
5–30°; CO3, Con 30°·s�1; CO9, 90°·s�1; EC3, Ecc 30°·s�1; EC9, Ecc
90°·s�1; P < 0.05.

FIGURE 4—Changes in work values (%) in G2 (training Con at
90°·s�1), in different range of motions. R1, 60–85°; R2, 30–60°; R3,
5–30°; CO3, Con 30°·s�1; CO9, 90°·s�1; EC3, Ecc 30°·s�1; EC9, Ecc
90°·s�1; P < 0.05.

FIGURE 5—Changes in work values (%) in G3 (training Ecc at
30°·s�1), in different range of motions. R1, 60–85°; R2, 30–60°; R3,
5–30°; CO3, Con 30°·s�1; CO9, 90°·s�1; EC3, Ecc 30°·s�1; EC9, Ecc
90°·s�1; P < 0.05.

FIGURE 6—Changes in work values (%) in G4 (training Ecc at
90°·s�1), in different range of motions. R1, 60–85°; R2, 30–60°; R3,
5–30°; CO3, Con 30°·s�1; CO9, 90°·s�1; EC3, Ecc 30°·s�1; EC9, Ecc
90°·s�1; P < 0.05.
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extension (0° of the knee joint), and the test RoM was then
adjusted to span 5–85° of knee motion. The choice of 5° as
the final extension angle was due to the need to successfully
generate the required Ecc contractions.

Before each test subjects underwent a warm up of 18
consecutive knee extensions as follows: 10 submaximal
repetitions at 90°·s�1, five submaximal repetitions at
60°·s�1, and two submaximal repetitions at 30°·s�1. After 1
min of rest, subjects were asked to generate one maximal
knee extension at 30°·s�1. Isometric quadriceps extension
strength assessment was based on three maximal repetitions
performed at 45, 80, and 10° of knee flexion. Each contrac-
tion lasted 3 s with an intercontraction and interangle rest of
4 s and 1 min, respectively. After a rest period of 5 min,
isokinetic knee extension tests followed consisting of five
maximal Con repetitions at 30°·s�1 and 90°·s�1, respec-
tively, and an identical protocol for the Ecc contractions
(4,5). The intervelocity rest was 5 min. The values of all
strength related parameters were corrected for the effect of
gravity.

Training. Group I (G1) trained Con at 30°·s�1 over a
RoM of 30° located between 30 and 60° of knee extension.
Group II (G2) trained Con at 90°·s�1 but otherwise similar
to G1. Group III (G3) trained Ecc but otherwise similar to
G1. Group IV (G4) trained Ecc but otherwise similar to G2.
Figure 1 depicts the experimental RoM and direction of leg
movement. Subjects trained 3� wk�1 (minimum of 48-h
interval) for 6 wk. Each session consisted of 4 sets of 10
maximal consecutive contractions of the knee extensors
with a 1-min interval between sets (4).

Assessment. The work (W) output of the knee exten-
sors was evaluated from three RoM of the knee joint: R1 �

85–60°, R2 � 60–30°, R3 � 30–5° and was expressed in
joules (see Fig. 2).

The isokinetic and isometric peak moments (PM) were
expressed in newton-meters. The rate of force development
(RFD) of the knee extensors was calculated as followed:
RFD (N·s�1) � (90% PM � 10% PM)/(tPM2 � tPM1),
where N is newtons, s is seconds, and tPM2 and tPM1 are the
time duration till 90% and 10% of the peak isometric mo-
ment, respectively (17). This (20) helped to depart from
fluctuations in the isometric moment curve.

Statistical Analysis

The last four isokinetic and all three isometric moment
curves were used for statistical analysis. For each subject,
mean and standard deviation of the four isokinetic values
and three isometric values were calculated (pre- and post-
training tests). To assess changes that took place during the
training sessions in the dependent variables detailed above,
paired sample Tukey t-test pre- and posttraining was used at
all subjects for all testing modes. MANOVA with repeated
measures on the time scale (pre- and posttraining tests) was
used to reveal significant interaction between different test-
ing and training conditions within and in between the ex-
perimental groups for the dependent variables. The level of
statistical significance was set at P � 0.05.

TABLE 2. Isokinetic knee extensors peak moment pre- and posttraining.

Group Test
Pre PMisok

(N�m)
Post PMisok

(N�m)
�PMisok

(N�m)
�PMisok

(%) t P

G1 (CO3) CO3 132.1 � 21.9 158.6 � 31.4 26.4 � 22.9 20.1 4.30 0.001
CO9 116.0 � 21.4 130.4 � 27.7 14.4 � 17.5 12.4 3.07 0.009
EC3 173.2 � 31.9 198.0 � 41.9 24.8 � 24.9 14.3 3.72 0.003
EC9 170.7 � 34.5 183.0 � 34.0 12.3 � 27.1 7.2 1.70 0.113

G2 (CO9) CO3 126.7 � 34.0 138.0 � 28.1 11.2 � 20.2 8.9 2.08 0.057
CO9 109.9 � 25.3 123.1 � 18.6 13.1 � 15.9 12.0 3.08 0.009
EC3 141.8 � 34.5 174.0 � 34.9 32.1 � 36.9 22.7 3.25 0.006
EC9 138.8 � 29.2 165.9 � 25.1 27.0 � 28.8 19.5 3.51 0.004

G3 (EC3) CO3 130.4 � 22.2 143.0 � 23.7 12.5 � 14.9 9.7 3.02 0.011
CO9 114.9 � 18.5 118.2 � 25.2 3.3 � 18.2 2.9 0.65 0.524
EC3 158.0 � 43.9 215.4 � 29.9 57.3 � 34.5 36.3 5.98 0.000
EC9 164.3 � 35.6 193.3 � 36.2 28.9 � 33.4 17.7 3.12 0.009

G4 (EC9) CO3 132.1 � 19.7 149.8 � 22.8 17.1 � 23.0 13.4 2.88 0.013
CO9 119.0 � 14.4 131.5 � 17.2 12.4 � 15.6 10.5 2.96 0.011
EC3 152.3 � 35.3 189.8 � 38.9 37.5 � 26.3 24.6 5.31 0.000
EC9 147.1 � 31.6 190.0 � 39.6 42.9 � 18.3 29.2 8.78 0.000

Values are mean � SD; PMisok, isokinetic peak moment; �Pmisok, changes in PMisok, expressed numerically; �PMisok-%, changes in PMisok expressed in percentage; test CO3,
Con 30°�s�1; CO9, Con 90°�s�1; EC3, Ecc 30°�s�1; EC9, Ecc 90°�s�1; bold, P � 0.05.

TABLE 3. Isokinetic peak moment post hoc analysis for different testing modes
within each group.

Group F P

G1 14.56 0.080
G2 12.09 0.124
G3 18.73 0.002
G4 30.43 0.000

Bold, P � 0.05.

TABLE 4. Post hoc analysis for the source of significance change between
testing modes.

Test

Groups

G3 G4

CO3 CO9 0.078 1.000
EC3 0.001 0.007
EC9 0.224 0.000

CO9 EC3 0.001 0.008
EC9 0.068 0.000

EC3 EC9 0.002 1.000

CO3, Con 30°�s�1; CO9, Con 90°�s�1; EC3, Ecc 30°�s�1; EC9, Ecc 90°�s�1; bold, P �
0.05.
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RESULTS

Across group findings. The relative gains in work
(expressed in percentage), within RoM R1, R2, and R3 for
each group at each testing conditions are illustrated in Fig-
ures 3–6. For all experimental groups, work output at RoM
R1 (untrained outer RoM) did not differ compared with
R2–the trained RoM.

In contrast, despite a general increase in work within R3
(inner RoM), this change was nonsignificant. Post hoc anal-
ysis revealed a significantly greater gain in work values at
RoM R1 and R2 compared with R3, with no clear tendency
toward either the concentric or eccentric testing modes.
These results suggest transferability of gains from the mid-
dle RoM toward the outer RoM but not to the inner RoM.
There was no clear advantage toward any contraction mode
or training velocity. Isokinetic pre- and posttraining knee
extension peak moments are presented in Table 2, showing
a significant increase in all experimental groups in most
testing modes. A higher increase occurred when testing and
training condition were similar, for example, training ec-
centrically at 30°·s�1 and testing for gains at the same
velocity. This phenomenon occurred in all experimental
groups and testing modes, except two (of 16) cases.

Isometric PM at pre- and posttraining are presented in
Table 6, indicating a significant increase at all joint angles.
These results include the 80° and 10° joint angles that were
located in the untrained RoM. Similar to the isometric PM
findings, the RFD changes revealed uniform and significant
increases in tests conducted at 45° (mid-trained RoM) at all
experimental groups (Table 8). Post hoc analysis demon-
strated a significantly greater RFD increase when tests took
place at 45° compared with 10°. No interaction effect was
found between the experimental groups.

Between group findings. Isokinetic PM post hoc
analysis revealed significantly different increases between

different testing modes only with respect to G3 and G4
(Table 3), deriving from a greater increase in the Ecc com-
pared with the Con PM values (Table 4).

Significant interaction between experimental groups was
revealed in isokinetic PM (Table 5), evidencing different
gains of isokinetic PM in different groups. Further analysis
pointed out that the source for this interaction was due to a
significantly greater increase of Ecc PM in G3 and G4
compared with G1 and G2. Isometric PM post hoc analysis
pointed out significantly different gains in different joint
angles within experimental groups 1, 3, and 4 (Table 7).
Further analysis revealed a significantly greater increase of
isometric PM in 45° (mid-trained RoM) compared with 80°
and 10°, and a significant advantage of 80° (within R3)
compared with 10° (within R1) in these groups.

DISCUSSION

Knee injuries are often characterized by a severe drop in
the cross sectional area (CSA) of the quadriceps muscle and
an acute loss of strength (27). These muscles are considered
pivotal to various activities of daily living and sport. Im-
mobilization and an inefficient conditioning program can
lead to further muscle atrophy and loss of RoM, causing
movement limitations that in turn may result in temporary or
permanent changes in movement patterns (2,11). To coun-
teract these effects, clinicians tend to encourage return to
normal function as fast as possible (21). Rehabilitation
programs are therefore aimed at prevention of further mus-
cle atrophy and hastening of the pace of recovery. Never-
theless, high shear forces around the knee joint during
resistance training should be taken into consideration while
conducting any rehabilitation program especially after sur-
gical intervention (27). These facts lead to one of two
options: 1) preventing muscle strengthening until a full
RoM is regained and 2) initiating strength training in a
partial RoM. The second possibility begs the question
whether such an approach will result in functional gains
outside the trained RoM, or will it be specific only to the
RoM to which the patient was exposed.

We hypothesized that some gains in strength values will
occur both in the inner and outer range and that the gains of
work values in the trained RoM will be greater compared

TABLE 5. Isokinetic peak moment interaction effect between experimental groups.

Test F P

CO3 1.53 0.217
CO9 1.20 0.318
EC3 2.68 0.056
EC9 2.97 0.042

CO3, Con 30°�s�1; CO9, Con 90°�s�1; EC3, Ecc 30°�s�1; EC9, Ecc 90°�s�1; bold, P �
0.05.

TABLE 6. Isometric knee peak moment pre- and posttraining.

Group Angle
Pre PMisom

(N�m)
Post PMisom

(N�m)
�PMisom

(N�m)
�PMisom

(%) t P

G1 45 118.9 � 28.7 153.0 � 38.4 34.1 � 23.8 28.7 5.36 0.000
80 125.7 � 29.6 132.8 � 42.3 7.0 � 31.5 5.6 0.84 0.415
10 68.2 � 19.0 66.2 � 14.5 1.9 � 17.7 �2.9 0.41 0.687

G2 45 105.4 � 32.3 134.5 � 30.2 29.0 � 26.2 27.6 4.14 0.001
80 117.9 � 37.7 131.3 � 32.3 13.2 � 23.6 11.4 2.09 0.057
10 52.6 � 14.3 64.0 � 14.7 11.4 � 10.1 21.7 4.21 0.001

G3 45 103.0 � 34.5 142.2 � 28.5 39.2 � 33.2 38.1 4.25 0.001
80 110.1 � 32.9 145.5 � 30.8 35.3 � 25.0 32.2 5.08 0.000
10 61.4 � 8.4 69.5 � 9.50 8.0 � 9.0 13.2 3.23 0.007

G4 45 120.6 � 15.9 153.2 � 24.2 32.5 � 21.2 27.0 5.72 0.000
80 126.3 � 16.6 146.5 � 26.8 20.2 � 20.1 16.0 3.74 0.002
10 59.2 � 15.5 66.4 � 16.9 7.2 � 11.2 12.2 2.41 0.032

Values are mean � SD; PMisom (N�m), isometric peak moment; �PMisom (N�m), changes in PMisom expressed numerically; �PMisom (%), changes in PMisom expressed in
percentage; bold, P � 0.05.
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with the untrained RoM. The trend of the present study’s
findings was uniform in all experimental groups regardless
of the training paradigm (e.g., mode of contraction and
angular velocity). Thus, the findings will be discussed in a
comprehensive manner for all research subjects. Respec-
tively to our first hypothesis, the main outcome of this study
is that significant increase in work output might be achieved
outside the trained RoM. This major finding was valid both
to Con and Ecc conditioning, equally in terms of relatively
short (“high” velocity) and long (“low” velocity) movement
durations and thus, occurred in all experimental groups.
Exploring RoM specificity, previously researchers used iso-
metric testing in variety of joint angles following dynamic
and isometric training and testing, respectively. These stud-
ies indicated significant transfer of isometric strength
spreading up to 22° (10) and 32° (9) away from the trained
RoM (21). In these studies, despite the significant increase
in the isometric PM outside the trained RoM, the improve-
ment inside the trained RoM was, as expected, more re-
markable. In contrast to these findings (isometric evalua-
tion) and to our second hypothesis, in the present study
(dynamic evaluation), significant increases in work output
outside the trained RoM were noted both in the trained but
also in the untrained outer RoM (85–60°). What mechanism
could explain the transfer of dynamic functional gains into
an untrained RoM?

Although generating positive (Con) or negative (Ecc)
work, beside enlargement of contractile properties (actin
and myosin), changes in muscle length against resistance
lead to a greater improvement in muscle work output com-
pared with static contractions (21). The explanation for this
phenomenon may be derived from the large differences
between the motor patterns of dynamic versus static con-
tractions (16,24). This advantage is accomplished due to
improvement in the biochemical exchange and muscle
group coordination (agonist/antagonist) (24), increased ac-
tive motor unit (MU) pool, amplitude and frequency of

operation, increase in muscular RFD, and a decrease in the
antagonist moment (17). It may be hypothesized that when
allowing an adequate time of force generation, the same MU
is activated during any conditioning program regardless of
the RoM. The crucial time duration for generating maximal
strength is known to last approximately 0.3 s (5,17,24).
Thus, in order to generate the maximal muscular moment
within a short RoM, low velocities may be preferable (5).
These facts dictated us the choice of a training paradigm
consisting of 30°·s�1 and 90°·s�1 using a RoM of 30°. The
combination of these velocities and specific RoM resulted in
a nominal movement time of approximately 1.0 and 0.33 s,
respectively. Incorporated within a common protocol con-
sisting of 4 sets of 10 repetitions, these contraction duty
cycles were expected to lead to the desired neurophysiolog-
ical adaptation (4) as indeed took place in the present study.
Thus, although the movement was executed in a different
RoM (training vs testing), whereas shortening or lengthen-
ing these fibers actually manifested the same adaptation.
The above may explain the meaningful transfer of work
values outside the trained RoM as well as the transfer of
isometric PM toward 80° and 10° in the present study.
Furthermore, the findings point out to a low RoM specificity
(transferability of strength between different RoM) as well
as to low specificity of contraction mode (from dynamic to
isometric mode of contraction) despite the fact that training
took place in a short RoM.

Another explanation may be related to the synthesis of
protein molecules. Evidences that greater synthesis of actin
and myosin molecules took place while the muscle under-
went a constant or dynamic stretching of its fibers against
resistant were demonstrated (25,29). Recent research indi-
cates that stretching of muscle fibers is accompanied by
stretching of the extra-cellular matrix and, thus, increased
infiltration of soluble organisms through the cells mem-
brane. One of these materials is ribonucleic acid (mRNA)
that under stretching conditions will find its way out of the
cells nucleus. This mechanism will allow an increase in the
ability of mRNA to “deliver” more messages coded to
produce more contractile elements (actin and myosin). Cal-
cium ions (Ca2�) are acting in the same manner and act as
secondary messengers (17). Enlargement of contractile el-

TABLE 7. Isometric post hoc analysis.

Group F P

G1 13.82 0.001
G2 3.12 0.081
G3 7.20 0.010
G4 11.53 0.002

TABLE 8. Rate of force development (RFD) of the knee extensors pre- and posttraining.

Group Angle
Pre RFD

(N�m�s�1)
Post RFD
(N�m�s�1)

�RFD
(N�m�s�1)

�RFD
(%) t P

G1 45 313.6 � 180.6 530.0 � 188.3 208.8 � 143.9 69.0 5.73 0.000
80 357.42 � 171.3 439.7 � 221.9 82.3 � 190.4 23.0 1.55 0.145
10 258.9 � 168.0 269.7 � 124.6 9.6 � 126.3 4.2 0.33 0.746

G2 45 212.6 � 139.6 476.5 � 205.2 263.8 � 209.2 124.1 4.54 0.001
80 286.5 � 178.9 442.1 � 157.6 172.2 � 150.4 54.3 3.70 0.003
10 230.5 � 95.3 301.0 � 127.1 70.5 � 94.8 30.6 2.68 0.020

G3 45 236.8 � 154.3 404.1 � 192.0 167.2 � 174.0 70.7 3.46 0.005
80 296.2 � 134.9 395.6 � 159.8 99.4 � 179.8 33.6 1.99 0.069
10 300.8 � 115.5 294.3 � 135.8 �6.5 � 133.7 �2.2 0.17 0.863

G4 45 215.0 � 67.6 321.2 � 135.7 106.1 � 125.6 49.4 3.16 0.007
80 426.3 � 309.3 412.8 � 214.8 �13.5 � 411.9 �3.2 0.12 0.904
10 295.5 � 170.3 330.2 � 139.1 34.6 � 168.3 11.7 0.77 0.454

Angle, knee joint angle; RFD, rate of force development; �RFD (N�m�s�1), changes in RFD expressed in newton-meters per second; �RFD (%), changes in RFD expressed in percentage;
bold, P � 0.005.
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ements and in Ca2� activity will most likely increase a
muscles’ ability to generate force at any given RoM.

Another interesting issue concerns the differences in work
gains obtained in the outer compared with the inner RoM in all
experimental groups. As mentioned, despite the general im-
provement in work output in the inner RoM the increase in this
RoM was not significant. Furthermore, the mean increase in
work values in the outer RoM (26.1%) was significantly
greater compared with the inner RoM (8.3%). This phenome-
non differs from that which characterized present isometric
paradigms that indicated bi-directional transfers. Two possible
reasons may explain this phenomenon.

First, the shape of a dynamic moment curve is affected by
biomechanical factors such as the muscle force vector.
Many studies reported that the peak moment of the knee
extensors in healthy subjects was obtained around 60° of the
knee flexion (the “optimal angle”) and that the greatest work
output values tended to develop around this angle (13). In
the present study, this optimal angle (60°) is closer to the
outer range (85–60°), and thus the significant increases in
the isokinetic PM can explain, at least partly, the greater
increase in work and in isometric values in the outer RoM.

Table 6 outlines a significant increase in the isometric
peak moment in all experimental groups while the test was
performed in 45°. A relatively high increase was observed in
80° and 10° although in few cases failed to reach signifi-
cance. It should be mentioned that the area under a moment
curve is the sum of the accumulated moments during the
entire RoM. An increase in the ability to generate force in a
short time as reflected by a steeper slope (higher RFD)
represents the moment curve shape mostly at the beginning
of the dynamic contraction, causing an increase in the mo-
ment curve slope and thus providing greater work values
(16,24). This explanation is well coordinated with the
present study findings as there was a uniformly greater
increase both in RFD and in work output in RoM R1
(85–60°) for all experimental groups.

From the clinical viewpoint, these results imply that
strengthening of the quadriceps in the middle of the func-
tional RoM may not enhance its performance in the near-

extension region. Thus, for instance, in the case of patients
who have undergone ACL reconstruction, improving quad-
riceps strength in the near-extension zone cannot probably
be accomplished by this protocol. On the other hand, if
indeed transfer of gain is possible from shorter to longer
RoM of muscles, the current findings may be of importance
to muscles such as shoulder internal and external rotators.
These muscle groups are often called upon to perform at a
very high intensity in the outer range, for example, the
internal rotators in cocking and early rebound phase in
baseball. After shoulder surgery or in the presence of pain in
the outer range, the mechanical output of the muscles may
be reduced requiring strengthening. However, redressing the
problem by reconditioning the muscles throughout the full
RoM could put the joint and associated structures at risk.
The option of conditioning near the midrange and gaining in
the outer RoM is therefore very compelling.

In conclusion, this study indicates that isokinetic condi-
tioning within a restricted RoM has a functional value inside
and outside the trained RoM causing a significant increase
in work values. Most of the changes occur in the trained
RoM and when muscle is at its lengthened position (outer
RoM) but not when muscle was trained at its shortened
position.

The only meaningful finding that differed across experi-
mental groups was that the eccentric mode was revealed to
be more specific than its concentric counterpart, causing a
higher tendency of PM increase but not to velocity of
training in this aspect. Moreover, both contraction modes
were less specific in terms of the isometric mode. There was
no clear direction toward superiority of any mode of con-
traction or velocity, related to the increase in work values.

These findings may lead to novel rehabilitation programs,
leaning on initiating strength training before achieving a full
RoM. However, it should be emphasized that the present
study focused on the knee joint and was based on healthy
subjects. In order to use similar rehabilitation procedures in
clinical populations, further studies involving a diversity of
joints, a variety of RoM and specific clinical groups should
be conducted.
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