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Welcome to the October 2018 edition! 
The format is the same this month, 

but the selection of studies is a little dif-
ferent, because this is the first year an-
niversary of the new format. Instead of 
including the most recent studies in each 
topic area (strength training, athletic per-
formance, and hypertrophy), I have chosen 
studies that will become “modern classics” 
in their area. These studies have been pub-
lished relatively recently (within the last 
couple of years) but are already incredibly 
important for our understanding of how 
strength training really works. In this edi-
tion, I unpack just how much we can learn 
from each of these valuable investigations.

In the strength training section, I have 
covered studies that explain how strength 
increases more than muscle size after 
long-term training (and it is not how most 
people think it happens), why strength 
gains are greater at some joint angles than 
at others, why explosive strength training 
and maximum strength training produce 
different results, and why eccentric training 
is so effective for reducing muscle strain 
injury risk (again, not for the reasons that 
most people assume).

Deciding which studies to include in the hy-
pertrophy section was difficult. In the end, 
I decided that the biggest breakthroughs in 
the last couple of years have come in three 
areas: (1) the effects of relative load (per-
centage of 1RM) on hypertrophy and fiber 
type-specific muscle growth, (2) the role of 
the force-velocity relationship, and (3) the 
relationship between muscle damage and 
hypertrophy. The modern classics reviewed 
in this edition reveal how hypertrophy is 
stimulated by the force exerted by indi-
vidual muscle fibers (and not by the whole 
muscle) because of the force-velocity rela-
tionship, and not because of the weight on 
the bar, and they show that muscle dam-
age is probably not a factor that enhances 
muscle growth.
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Why does maximum strength increase 
more than muscle size after training?

What causes in vivo muscle specific tension to increase following resistance 
training? Erskine, R. M., Jones, D. A., Maffulli, N., Williams, A. G., Stewart, C. E., 
& Degens, H. (2011). Experimental Physiology, 96(2), 145-155.

Maximum concentric strength increases by more 
than muscle size after strength training, but it 

is unclear exactly what causes this effect. Clearly, 
neural adaptations can lead to improved technique, 
coordination, and voluntary activation. Yet, even 
involuntary muscle force increases by more than 
muscle size, which indicates that there are changes 
inside the muscle-tendon unit that also contribute. It 
is often stated that the ratio of myofibrillar elements 
to the sarcoplasm might be the key factor, but most 
research has found little evidence that this occurs.

Key findings
In vivo specific tension increased after strength training, but in vitro specific tension 
did not. In vivo power relative to muscle volume did not increase at any cadence. This 
suggests that an increase in lateral force transmission best explains the increase in the 
strength-to-size ratio after strength training. 

Practical implications
Increasing muscle size through bodybuilding methods is not likely to be detrimental to 
strength sports athletes, since the hypertrophy involves similar changes in both myofibril-
lar and sarcoplasmic elements. Thus, strength sports athletes can make use of bodybuild-
ing techniques if required, in order to improve performance.
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OBJECTIVE To assess changes in the ratio of maximum strength to muscle size (in 
vitro and in vivo) after a strength training program, in untrained males.

 

In vivo ratio of involuntary strength to 
size: By maximum voluntary isometric con-
traction (MVIC) knee extension torque in a 
dynamometer, muscle volume (MV), physi-
ological cross-sectional area (PCSA), vastus 
lateralis fascicle length (FL), and pennation 
angle (PA) with MRI scans and ultrasound, 
and patellar tendon moment arm (PTMA) 
length with MRI scans, biceps femoris co-
activation (CO) by electromyography (EMG), 
and quadriceps voluntary activation (VA) 
with interpolated twitches.

MVIC knee extension torque increased by 
27%, quadriceps MV increased by 5.6%, and 
quadriceps PCSA increased by 6.3%. Vastus 
lateralis PA increased by 11.8%, but nei-
ther vastus lateralis FL nor PTMA changed. 
Hamstrings CO decreased non-significantly 
by 2.2%, and quadriceps VA increased by 
3.3%. Quadriceps involuntary muscle force 
increased by 23%, while quadriceps invol-
untary muscle force relative to size (in vivo 
specific tension) increased by 17%.

In vitro ratio of involuntary strength to 
size: By isolated single fiber (from vastus 
lateralis biopsy) maximum force, using a 
force transducer.

Maximum single fiber force increased by 
16% and single fiber CSA increased by 
7.8%. Single fiber force relative to fiber CSA 
increased only non-significantly by 6.2%

Muscle fiber type: By MHC isoform, from 
vastus lateralis muscle biopsies.

Type IIX fiber proportion decreased from 29 
to 19% after training. Type I and IIA fiber 
proportions increased non-significantly (from 
29% to 33%, and from 44% to 48%).

Cycling peak power output (PPO): By 
6-second peak PPO of 1 leg in an isokinetic 
cycle ergometer at a range of cadences.

PPO increased only at 110 rpm, but PPO 
normlized to muscle volume did not change.  

42 untrained males, 
aged 20 ± 3 years

INTERVENTION 

MEASUREMENTS RESULTS

POPULATION

SUMMARY
     In vivo specific tension increased after strength training, but in vitro 
specific tension did not. In vivo power relative to muscle volume did not increase at any 
cadence. This suggests that an increase in lateral force transmission best explains the in-
crease in the strength-to-size ratio after strength training.

Subjects did 3 workouts per week for 9 weeks. Each workout com-
prised 4 sets of 10 reps of the single-leg knee extension exercise 
with 80% of 1RM. 



Analysis

This study set out to discover why max-
imum strength increases by more than 

muscle size after strength training, and the 
way in which it approached the question 
was very elegant. Yet, to appreciate the 
findings, we need to take a step back and 
understand that there are essentially four 
types of mechanism through which max-
imum concentric strength can increase, 
when measured in an exercise. 

Firstly, technique in the lift can be im-
proved. This involves an increase in the 
total system force, but the joint or joints 
do not necessarily produce a larger net 
joint torque. Essentially, the individual has 
become more efficient at the exercise, such 
that they can produce a greater system 
force for the same net joint moments. 

Secondly, intermuscular coordination can 
be increased. This also causes system 
force to increase, but in this case the joints 
do produce more torque. Yet, prime mover 
(agonist) muscle force does not increase, 
because the improvement is caused by a 
reduction in antagonist muscle force. This 
occurs particularly when the lift is done in 
conditions that require the athlete to sta-
bilize the weight, and the change in inter-
muscular coordination involves a shift from 
antagonist activation (which hinders the 
production of net joint torques) to syner-
gist activation (which does not).

Thirdly, voluntary activation can be in-
creased. System force increases, the joints 
produce more torque, and prime mover 
(agonist) muscle force also increases, at 
least in voluntary contractions. The central 
nervous system (either the brain or the 
spinal cord) increases the size of the sig-
nal to the muscle; this allows more mo-
tor units to be recruited, and the muscle 
is more fully activated. Yet, prime mover 
muscle force does not increase in *involun-
tary* contractions. 

Finally, the maximum force-producing 
capacity of the muscle-tendon unit can be 
increased. System force is increased, the 
joints produce more torque, and prime 
mover muscle force increases in both vol-
untary and involuntary contractions. When 
substantial muscle growth is possible (as in 
beginners and intermediates), this is large-
ly caused by hypertrophy. Yet, it can also 
occur through other mechanisms, such as 
shifts in muscle fiber type (some types of 
fibers have slightly greater force-producing 
potential than others), an increase in ten-
don stiffness (stiffer tendons allow muscles 
to shorten at slower speeds, and there-
fore exert more force), an increase in the 
density of myofibrillar parts of the muscle 
cells (the sarcoplasm does not contribute 
to force production), and increases in the 
amount of force that is transmitted lateral-
ly between fascicles.



Analysis

This study set out to understand how 
changes in maximum *involuntary* 

strength relative to size occur, and thus 
focused on the final type of mechanism. To 
address this question, the researchers took 
two totally different approaches (in vitro 
and in vivo). The in vitro approach involved 
calculating the maximum isometric force 
that could be produced by isolated, sin-
gle fibers taken out of the vastus lateralis 
muscle by biopsy, which were electrically 
stimulated to produce force. Taken before 
and after strength training, this allows us 
to see the effect of the training program on 
individual muscle fibers in isolation from 
the muscle. The in vivo approach involved 
calculating prime mover (agonist) muscle 
force during strength tests done by the 
subjects. This allows us to see the effect of 
the training program on muscle fibers while 
they are still inside the muscle.

The in vivo approach involved several 
careful steps to ensure that it removed 
the effects of any changes that occurred 
outside of the muscle-tendon unit. To min-
imize the impact of improved technique, 
the training program involved a single-joint 
exercise. To remove the effect of improved 
intermuscular coordination, an estimate 
of antagonist muscle force was deducted 
when calculating agonist muscle force from 
net joint torque (by measuring antagonist 
muscle activation, normalized to maximum 
voluntary isometric contraction levels). 
Finally, to remove the effect of increased 
voluntary activation, the researchers used 
the interpolated twitch method to calculate 
levels before and after training, and adjust-
ed agonist muscle force accordingly. Thus, 
the measurement of agonist muscle force 
*only* reflects changes inside the mus-
cle-tendon unit.



Analysis

Importantly, the researchers discovered 
that the ratio of strength to size in-

creased when measured in vivo, but not 
when measured in vitro. 

When measured in vivo, muscle force rel-
ative to its size can be affected by three 
things: myofibrillar packing density (the 
ratio of myofibrillar elements to sarco-
plasmic elements), muscle fiber type, and 
the amount of lateral force transmission. 
However, when measured in vitro, single 
fiber force relative to its size can only be 
affected by two things: myofibrillar packing 
density, and fiber type. Since the in vitro 
measurement of single fiber force rela-
tive to size did not increase after strength 
training, this suggests that neither of these 
factors were particularly important for the 
increase in strength relative to size that we 
normally observe after strength training, 
and that lateral force transmission is actu-
ally the key factor.

Contrary to popular belief, this is in accor-
dance with the literature: previous studies 
have reported that myofibrillar packing 
density does not increase after strength 
training (1), and that single fiber force rel-
ative to size does not increase when mea-
sured in vitro (2,3,4).

Yet, muscle fiber type can affect single 
muscle fiber force relative to size (3,4), 
insofar as some muscle fiber types display 
a greater force-producing potential than 
others. So, to explore the effect of fiber 
type shifts more carefully, the researchers 
examined changes in the in vivo power 
output of the muscle relative to its volume. 
They identified that if maximum muscle 
force relative to size were increased by a 
shift in fiber type, then this should also 
produce an increase in power output rel-
ative to muscle volume. But, as shown in 
the chart below, this did not happen.



Analysis

Conclusions
In vivo specific tension increased after 
strength training, but in vitro specific 
tension did not. In vivo power relative to 
muscle volume did not increase at any 
cadence. This suggests that neither my-
ofibrillar packing density nor fiber type 
shifts can explain the increase in the 
strength-to-size ratio after strength train-
ing, and that an increase in lateral force 
transmission is the main factor.

Practical implications
Increasing muscle size through body-
building methods is not likely to be detri-
mental to strength sports athletes, since 
the hypertrophy involves similar chang-
es in both myofibrillar and sarcoplasmic 
elements. Thus, strength sports athletes 
can make use of bodybuilding techniques 
if required, in order to improve perfor-
mance.

Although textbooks often show muscle 
fibers as transmitting force longitudi-

nally to the tendon, they actually transmit 
the majority of their contractile force later-
ally (5) to their surrounding collagen layer 
(the endomysium), which transmits the 
force to the tendon, and to adjacent mus-
cle fibers. Fibers are linked to the endo-
mysium through lateral attachments such 
as costameres. Increases in the number 
of costameres have been recorded after 
mechanical overload in animal models (6), 
and new lateral attachments often appear 
either side of localized muscle fiber dam-
age (7), likely to enable fibers to continue 
contributing to whole muscle force despite 
being severed into pieces. When the num-
ber of lateral attachments in a muscle fiber 
increases, this increases the amount of 
force that is transmitted but simultaneous-
ly reduces maximum contraction velocity.

Consequently, if maximum muscle fiber 
force relative to its size were increased 
because of an increase in the amount of 
lateral force transmission, a lack of change 
in power output relative to muscle volume 
would be expected.

The most important practical implication 
of this study is that myofibrillar packing 
density probably does not contribute to the 
greater gains in maximum strength rela-
tive to size that are typically observed after 
strength training. So it seems unlikely that 
the very large muscle sizes achieved by 
bodybuilders include meaningful amounts 
of sarcoplasmic hypertrophy. Their low-
er maximum strength (8) is most likely a 
function of a lack of technique practice in 
tested lifts, and lower voluntary activation 
and lateral force transmission from not us-
ing very heavy loads regularly. 
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