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Abstract
Purpose  To determine how muscle stiffness and pain which develop after eccentric exercise are affected by gentle stretching 
and repeated exercise.
Methods  Twenty-one healthy female participants undertook eccentric exercise of the elbow flexors and changes in resting 
elbow flexion angle (REFA; a measure of muscle stiffness), pain on stretch scale, pain elicited by pressure (PPT pain, a 
measure of mechanoreceptor hypersensitivity), and upper arm girth were followed for 7 days after exercise. The effects of 
gentle passive stretching on pain and muscle stiffness were investigated 2 and 4 days after exercise. Eleven participants also 
repeated the exercise with the same arm 6 weeks after the first bout.
Results  There was a significant relationship between the pain on stretch scale and increased REFA (day 4; R2 = 0.65, 
p < 0.001), whereas there was no relationship between REFA and PPT pain. REFA was reduced by passive stretching and 
pain on stretch scale was also reduced from 3.0 (1.4, 5.1) to 0.75 (0.0, 2.0) [median (IQR), p = 0.01]. PPT pain was unaffected 
by the passive stretching, as was muscle swelling. Following the repeated bout, increases in REFA were much reduced, as 
was pain on stretch scale (p = 0.02). However, PPT pain was not significantly different between the two bouts of exercise.
Conclusions  The results indicate that reductions in pain on stretch scale, either by gentle passive stretching or as the result 
of repeated exercise, are primarily due to reductions in muscle stiffness which develops after eccentric exercise, whereas 
mechanoreceptor hypersensitivity is relatively unaffected.
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Abbreviations
CK	� Creatine kinase
DOMS	� Delayed onset of muscle soreness
ECC	� Eccentric exercise
MVC	� Maximum voluntary isometric contraction

PPT	� Pressure pain threshold
REFA	� Resting elbow flexion angle
VAS	� Visual analog scale

Introduction

Unaccustomed eccentric exercise has a wide range of con-
sequences including a serious loss of strength that recovers 
slowly over 2–3 weeks and the release into the circulation 
of soluble proteins from the damaged muscle. These aspects 
of eccentric exercise have received considerable attention 
in recent years (Carmona et al. 2018; Souron et al. 2018; 
Yamada et al. 2018), but the features which are most appar-
ent to the unfortunate participant are a characteristic stiffness 
and pain (delayed onset muscle soreness; DOMS), felt when 
the muscle is stretched or palpated and which develops in the 
days shortly after the exercise.

The stiffness is evident as an electrically silent contracture 
of the muscle which, following damage to the elbow flexors, 

Communicated by Olivier Seynnes.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0042​1-019-04108​-7) contains 
supplementary material, which is available to authorized users.

 *	 Pornpimol Muanjai 
	 pornpimolm@buu.ac.th

1	 Institute of Sport Science and Innovations, Lithuanian Sports 
University, 44221 Kaunas, Lithuania

2	 Department of Physical Therapy, Allied Health Sciences 
Faculty, Burapha University, Saensuk, Chonburi 20131, 
Thailand

3	 School of Healthcare Science, Manchester Metropolitan 
University, Manchester M15 6BH, UK

http://orcid.org/0000-0003-0521-7607
http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-019-04108-7&domain=pdf
https://doi.org/10.1007/s00421-019-04108-7


1184	 European Journal of Applied Physiology (2019) 119:1183–1194

1 3

can be quantified as degrees of flexion at the elbow (Jones 
et al. 1987; Reisman et al. 2005) or as the force required to 
extend the elbow (Howell et al. 1993). There was speculation 
that it is the swelling, possibly within a tight facial sheath 
around the muscle, that accounts for the stiffness (Howell 
et al. 1985; Jones et al. 1987), but in a later study, Howell 
et al. (1993) point out that the development of swelling and 
stiffness have different time courses with a peak in stiffness 
at 1–2 days, while swelling is maximal 3–4 days after elbow 
flexor eccentric exercise (Chleboun et al. 1998; Whitehead 
et al. 2001), suggesting that the stiffness is a property of the 
muscle fibres themselves, probably as a result of calcium 
entry into the fibres (Allen et al. 2005). Howell et al. (1993) 
also discuss the possibility that the swelling and pressure 
might stimulate mechanoreceptors within the damaged 
muscle and be the cause of the pain, but concluded that the 
pain is more likely to be a consequence of sensitisation of 
mechanoreceptors by locally released chemicals, such as the 
products of mast cell degranulation (Stauber et al. 1990).

One interesting feature of the pain and stiffness that has 
received very little attention is that both can be almost com-
pletely abolished by gentle passive stretching of the affected 
limb, although both return within about 30 min once the 
limb is rested (Jones et al. 1987; Reisman et al. 2005). In 
many ways, this is consistent with the view that the pain is 
due to locally released substances that are washed away in 
the blood, or lymphatic drainage, during the passive stretch-
ing (Kruse et al. 2016), but build up again when the muscle 
is rested. However, evidence from animal muscle suggests 
that the mechanical hypersensitivity is due to activation of 
ASIC, TRPV1, and TRPV4 ion channels rather than the con-
tinued presence of algesic substances in the muscle (Fujii 
et al. 2008; Ota et al. 2013; Mizumura and Taguchi 2016). It 
seems a little unlikely, therefore, that a few passive stretches 
of the affected muscle will reverse the activation of these ion 
channels. The fact that the reduction in DOMS by passive 
stretching is associated with reduction in muscle stiffness 
suggests an alternative mechanism that the hypersensitivity 
may remain, but the mechanoreceptors are only stimulated 
by stretching when the muscle fibres are stiff.

There are many studies of the “repeated bout” effect 
showing that not only does the muscle damage recover 
more rapidly and plasma creatine kinase response is much 
reduced, but the DOMS pain is also reduced following a 
repeated bout of exercise as is the contracture, or stiffness 
of the muscle (Newham et al. 1987; Miyama and Nosaka 
2007; Chen et al. 2012; Deyhle et al. 2015; Lau et al. 2015; 
Margaritelis et al. 2015; Goodall et al. 2017; Souron et al. 
2018; Pincheira et al. 2018). Despite this interest, the reason 
why the pain is diminished following a repeated bout of 
exercise, remain largely unknown. However, the coincidence 
of the reduction in pain and stiffness following a repeated 
bout suggests a similar mechanism to the reduction in pain 

following passive stretching, namely, that the major change 
might be in the stiffness of the muscle.

There are several ways to assess DOMS pain (Lau et al. 
2015), probably the most commonly used method is to 
stretch the affected muscle, in the case of elbow flexors by 
extending the elbow or, with quadriceps damage, having the 
participant perform a squat, in both cases assessing the pain 
with a 10 point scale (Skurvydas et al. 2011). Less com-
monly used is measurement of the pressure pain threshold 
(PPT), where the muscle is probed and the minimum pres-
sure required to elicit pain recorded (Newham et al. 1983; 
Rocha et al. 2012). Pain on stretch may reflect both the sen-
sitivity of the mechanoreceptors and stiffness of the muscle, 
while PPT may be a more direct measure of mechanore-
ceptor sensitivity. It was, therefore, hypothesised that while 
passive stretching and a repeated bout of eccentric exercise 
would both result in a reduction in muscle stiffness and pain 
scale when stretched, mechanical hypersensitivity, assessed 
as pain in response to pressure, would not be affected to the 
same extent.

Methods

Participants

Twenty-one healthy and recreationally active women were 
recruited (22.5 ± 3.4 years; 61.2 ± 11.9 kg; 170.3 ± 8.2 cm). 
Exclusion criteria were an involvement in resistance exer-
cise during the last 6 months, neuromuscular or skeletal 
problems associated with upper extremities or regular use 
of analgesic or anti-inflammatory drugs. Participants were 
asked about the phase of their menstrual cycle; none were 
using oral contraception. After the procedures had been care-
fully explained the participants provided written informed 
consent to the study which had been approved by the Kaunas 
Regional Biomedical Research Ethics Committee.

Study design

Sample size was selected based on published human stud-
ies of eccentric exercise concerned with changes in muscle 
pain as a result of a repeated bout effect or some interven-
tion, where the numbers of participants ranged from 7 to 18 
(Jones et al. 1987; Clarkson et al. 1987; Newham et al. 1987; 
Howell et al. 1993; Hilbert et al. 2003; Pearcey et al. 2015). 
Participants in study 1 exercised first one arm and then 2–3 
weeks later the second. Participants in Study 2 exercised 
first arm then went on to exercise the first arm again in a 
repeated bout study 4 weeks later with second arm exercise 
after a further 2 weeks (Fig. 1). Combined data for from first 
and second arms were used to assess possible influence of 
speed of arm extension, arm dominance, and phase of the 
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menstrual cycle; these data are presented in Table 1, Sup-
plementary Data. Combined data from studies 1 and 2 for 
the first bout of exercise were used to examine the effect of 
passive stretching on DOMS, while the data for the first arms 
in Study 2 examined the repeated bout effect.

Participants first attended a laboratory session in which 
they were familiarized with the apparatus and measurements 
to be made and then baseline data were collected. Subse-
quently, measurements were made of maximal voluntary 
contraction (MVC), plasma creatine kinase (CK), resting 
elbow flexion angle (REFA), girth of the upper arm, pain 
scale on passive extension of the elbow (pain on stretch) and 
mechanical hypersensitivity by the pressure pain threshold 
method (PPT), before, immediately after eccentric exercise, 
and then at 2, 4, and 7 days. All measurements were made 
by the same investigators.

Eccentric exercise of the elbow flexors and maximal 
isometric strength testing

The participants were seated on a Biodex System 3 isoki-
netic dynamometer (Biodex Medical Systems, Inc., Ship-
ley, New York, USA) with the back rest fixed at 90° and 
with the trunk, pelvis and upper arm stabilized with Velcro 
straps. The axis of rotation was fixed at the elbow joint 
and the lever arm pad attached at the wrist. Participants 
were instructed to perform 6 sets of ten maximal voluntary 
eccentric contractions of the elbow flexors starting from 
60° elbow flexion until full extension (180°) with 1-min 
rest between sets. In the first study, an angular velocity 
of 90 s−1 was used, while 60 s−1 was used for the second, 
repeated bout, study. Verbal encouragement to maintain 
a maximal effort was given throughout each stretch. Peak 
torque and work done during each set were recorded. 
Measurements of maximal isometric muscle strength were 
made with the subjects stabilized in the Biodex chair, as 
for the exercise, and with the elbow at 90°. Subjects were 
encouraged to make maximum voluntary contractions 

(MVC) for 2–3 s with 60 s rest between contractions. Pro-
vided the two values differed by no more that 5%, the high-
est torque was recorded; otherwise, the test was repeated 
and the highest value accepted for further analysis.

Measurements

Resting elbow flexion angle (an index of muscle contrac-
ture and stiffness) was recorded as the angle between the 
reference points of the acromion process, lateral epicon-
dyle of the humerus, and the mid-point of the styloid pro-
cess of the ulna and radius with the projection of the lat-
eral epicondyle of the humerus as the axis by goniometer, 
with the participant standing with the arm hanging freely 
beside the trunk. The reference points were marked with 
a permanent marker for repeated testing. The average of 
two measures was used for analysis.

The circumference, or girth, of the upper arm (60% 
the distance between the acromion process and the lat-
eral epicondyle of the humerus) was measured with an 
inextensible tape measure with the participant standing 
with the arm hanging freely (Kulig et al. 2001). The meas-
urement point was marked with a permanent marker for 
repeated testing. The average of two measures was used 
for analysis.

Pain elicited by taking the elbow to full extension (pain 
on stretch scale) was evaluated using a 10 point scale, 
where 0 represented “no pain” and 10 “intolerably intense 
pain” (Skurvydas et al. 2011). The pressure pain threshold 
(PPT) of the mid-belly of the elbow flexors muscle group 
was assessed with an algometer (1 cm diameter probe, 
Wagner Instruments, Greenwich, USA) at the position, 
where arm circumference was measured, with the elbow 
flexed to 90° and the lower arm supported on a table. Dur-
ing the measurement, the investigator applied the tip of 
the device, slowly increasing pressure perpendicular to 
the skin up to a maximum force of 30 N. The participants 
reported the end point when the pressure first turned into a 
painful sensation (Newham et al. 1983; Rocha et al. 2012). 
The applied force at the end point of the two trials was 
averaged and subtracted from 30 (Newham et al. 1987) 
and is referred to as “PPT pain”.

Approximately 0.25 mL of capillary blood was drawn 
from the finger. Samples were immediately centrifuged 
and plasma analysed for creatine kinase activity using the 
biochemical analyser SpotchemTM EZ SP-4430 (Menar-
ini Diagnostics, UK) with soft reagent strips (ARKRAY 
Factory, Inc., Shiga, Japan) and plasma enzyme activity 
reported as micro-Katal per Litre (µkat L−1). One µkat L−1, 
the SI unit of CK activity, is equivalent to 60 of the more 
commonly used International Units.

Fig. 1   Study design. Study 1: both arms exercised at 90  s−1 2–3 
weeks apart (N = 10). Study 2: exercise of first arm (60 s−1) repeated 
4 weeks later with second arm exercise after a further 2 weeks. Data 
from the first and second arms combined in supplementary data
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Gentle passive stretching

On days 2 and 4 after the eccentric exercise, participants 
sat in the Biodex chair as for the eccentric exercise as 
described above, and the dynamometer passively and 
slowly (5 s−1) extended the relaxed elbow from 60° flex-
ion to full extension (180°). The procedure was repeated 6 
times with 20 s hold at full extension, but otherwise with 
no rest. If, on standing, the resting elbow flexion angle 
had not returned to the baseline value, the passive stretch-
ing was repeated. Pain on stretch scale, muscle girth, and 
PPT pain was measured before, and immediately after the 
passive stretching procedure and, in some cases, follow-
ing 30 min recovery.

Data and statistical analysis

Data were tested for normality by a Shapiro–Wilk test, 
where normally distributed descriptive data are presented 
as mean ± SD; SEM is given when comparing means. 
Where not normally distributed, data are reported as 
median and interquartile range (IQR). Data for MVC 
torque were examined with repeated measures ANOVA 
to assess differences over time, other data, which were 
not normally distributed, were investigated with a non-
parametric Kruskal–Wallis test. Relationships between 
the two measures of pain scale and changes in CK, muscle 
stiffness, and girth were examined by linear regression. 
For data that were not normally distributed, the effect size 
(ES) for the passive stretching procedure was calculated 
from log-transformed data and are presented ± 95% con-
fidence intervals. Statistical significance was assumed at 
p ≤ 0.05. Statistical analysis was performed with SPSS for 
Window (version 24.0, Chicago, IL, USA).

Results

After the first stage of the study, it was thought that par-
ticipants might be having problems maintaining a maximal 
voluntary effort with arm extension at 90 s−1, and therefore, 
for the second, repeated bout, stage, the speed was reduced 
to 60 s−1. There are a number of factors which might affect 
the response to eccentric exercise and the perception of pain, 
these include arm dominance, the speed of the eccentric 
action, and the phases of the menstrual cycle in the case of 
the female participants in this study. Data for both arms in 
the two studies were pooled (Fig. 1) and analysed for pos-
sible differences between eccentric exercise at 60 and 90 s−1, 
for dominant and non-dominant arms as well as the possible 
effects of phase of the menstrual cycle, but none were found 
to affect the extent or time course of the changes in torque 
and CK responses, REFA or perceived pain; these data are 
given in Supplementary material. Consequently, data for the 
first bout of exercise of participants in Studies 1 and 2 were 
combined and the results in Figs. 2, 3, 4, 5 and Table 1 are 
from 14 dominant and 7 non-dominant arms, 10 for whom 
the eccentric exercise was at 90 s−1, and 11 participants at 
60 s−1.

Time course of change

Figure 2a shows data for the time course of torque loss and 
partial recovery following the first bout of eccentric exercise, 
while data for plasma creatine kinase are given in Fig. 2b. 
Very soon, after the end of the eccentric exercise, a flexion 
contracture of the elbow developed (Fig. 3a). The contrac-
ture remained roughly constant or increased slightly over 
the course of the next 2–4 days before largely resolving by 
7 days (p < 0.05). There was a small increase in girth of 
the upper arm (Fig. 3b) which increased steadily to reach 

Table 1   Correlations between outcome measures

Pain on stretch scale on days 2 (D2) and 4 (D4) after eccentric exercise
PPT pressure pain threshold, PPT pain, REFA change in resting elbow flexion angle, Girth change in girth of upper arm, Peak creatine kinase 
(CK) creatine kinase measured at day 4

Peak CK PPT D2 PPT D4 REFA D2 REFA D4 Girth D2 Girth D4

R2 p R2 p R2 p R2 p R2 p R2 p R2 p

Pain on stretch D2 0.448 0.001 0.003 0.800 0.386 0.003 0.131 0.107
Pain on stretch D4 0.425 0.001 0.002 0.854 0.652 < 0.001 0.322 0.007
PPT D2 0.028 0.464 0.002 0.840 0.003 0.804
PPT D4 0.056 0.300 0.002 0.840 0.100 0.157
REFA D2 0.437 0.001
REFA D4 0.391 0.002
Girth D2 0.404 0.002 0.138 0.097
Girth D4 0.700 < 0.0001 0.317 0.008
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a peak at day 4, but was still elevated 7 days after the exer-
cise (p < 0.05). Pain scale, experienced, while the elbow 
was manually extended (pain on stretch) (Fig. 3c) increased, 
most commonly reaching a peak at day 2, although with 
a great deal of variation, some reaching a peak at 4 days, 
while others reported no pain at that time. Pain assessed 
by mechanical pressures (Fig. 3d; PPT pain) was maximal 

at day 2 after the exercise and decreased steadily over the 
next 5 days.

There were significant, but modest correlations between 
peak CK and pain on stretch scale, increased elbow flexion 
angle and change in arm girth at 2 and 4 days following 
the exercise (Table 1; Fig. 4a). PPT pain was not related 
to creatine kinase activity (Table 1; Fig. 4b). There were 

Fig. 2   Changes in torque and creatine kinase following eccentric 
exercise. Combined data for all subjects following the first bout of 
exercise (N = 21). a Torque expressed as percentage of pre-exercise 

value; data are mean (SD). b Plasma creatine kinase as µkat L−1, data 
are median and IQR; note the log scale. *Significant difference from 
pre-exercise values at all timepoints (p < 0.05)

Fig. 3   a Change in resting elbow flexion angle (REFA). b Change in 
upper arm girth. c Pain on stretch scale. d PPT (pressure pain thresh-
old) pain following eccentric exercise. Data are given as median and 

IQR (N = 21). *Significant difference from pre-exercise values at all 
timepoints (p < 0.05)
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Fig. 4   Selected correlations of outcome measures. a Pain on stretch 
scale as a function of peak creatine kinase (µkat L−1); b PPT (pres-
sure pain threshold) pain as a function of peak creatine kinase; c pain 
on stretch scale as a function of change in resting elbow flexion angle 

(REFA); d PPT pain as a function of change in REFA. Data are from 
21 arms with measurements made at day 4; for measurements at day 
2 and other outcome measures, see Table 1

Fig. 5   Effects of passive stretching on damaged muscle. a Change in 
resting elbow flexion angle (REFA); b pain on stretch scale; c change 
in upper arm girth; d PPT (pressure pain threshold) pain. Measure-

ments were made at days 2 and 4 after eccentric exercise and after 
passive stretching (+ PS). Data are given as median and IQR (N = 21). 
*Significant difference after passive stretching (p < 0.05)
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significant correlations between pain on stretch and the 
extent of elbow flexion which was particularly evident at day 
4 (Table 1; Fig. 4c). In contrast, PPT pain was not related to 
change in elbow angle on either day (Table 1; Fig. 4d). There 
was no correlation between the two methods of assessing 
pain, by stretching or PPT either on day 2 or 4 (Table 1).

The effect of gentle passive stretching on stiffness, 
swelling, and pain

The pain experienced was very variable between partici-
pants. All but one reported some pain on day 2 but by day 
4, four participants reported no pain on stretch scale, while 
5 had no PPT pain. The data in Fig. 5b, d refer only to those 
participants who had pain before the passive stretching. 
The effect of gentle passive stretching was to abolished the 
flexion contracture (Fig. 4a; day 2 + PS ES 2.91 ± 0.49; and 
day 4 + PS, ES 2.26 ± 0.42). If the arm was then rested for 
30 min, the resting elbow flexion angle returned to the same 
value as before the passive stretching [13° (2, 2°)]. Swell-
ing of the upper arm was not affected by this procedure 
(Fig. 5c; day 2 + PS, ES 0.031 ± 0.025; and day 4 + PS, ES 
0.028 ± 0.024). Pain on stretch scale was very much reduced 
by the passive stretching on day 2 [from 3 (1, 0.25) to 0.5 
(1, 0.5) ES 1.31 ± 0.40] and likewise on day 4 [from 3 (2.1, 
1.6) to 0.75 (1.25, 0.75) ES 0.65 ± 0.30] (Fig. 4b; day 2 + PS, 
ES 0.17 ± 0.22; and day 4 + PS, ES 0.12 ± 0.23) (p < 0.001). 
Although no formal measurements were made, the impres-
sion was that when the arm was rested, pain on stretch 
returned with a similar time course to resting elbow flexion 
angle. In marked contrast, PPT pain was largely unaffected 
by the passive stretching procedure (Fig. 5d), although there 
was a small reduction on day 2 (p = 0.072). The standard 
deviations of the log-transformed data indicate that the sam-
ple size of 22 was sufficient to detect changes of 14% for 
pain on stretch, 11% for PPT pain, and 9% resting elbow 
flexion angle, with 95% confidence.

Repeated bout effect

The responses to the first bout of exercise, both in terms of 
torque and CK, of the 11 participants who participated in the 
repeated bout experiment were very similar to those of the 
larger group (compare Figs. 2 and 6). Following the repeated 
bout of exercise 21 days after the first, the recovery of torque 
was much faster than after the first bout (Fig. 6a), while 
the large delayed CK response following the first bout was 
virtually abolished (Fig. 6b). Following the repeated bout 
of eccentric exercise, there was an increase in resting elbow 
flexion angle shortly after the exercise which was not signifi-
cantly different to that after the first bout, but in subsequent 
days, the resting elbow flexion angle was much reduced 
(Fig. 7a). Quantifying the change, the sum of the angles, 

essentially area under the curve in Fig. 7a was 35.5° (16.0, 
66.8°) after the first bout and 12.5° (7.3, 16.8°) after the 
repeated bout (median and IQR, p = 0.02). Pain on stretch 
scale was also considerably reduced following the repeated 
bout (Fig. 7c); the sum of the pain scores being 7 (2.5, 10.5) 
after the first bout and 2 (1, 3) after the repeated bout of 
exercise (median and IQR, p = 0.02). In contrast, the PPT did 
not differ significantly between the first and repeated bouts 
of exercise (Fig. 7d). The increase in upper arm girth seen 
after the first bout of exercise was almost completely absent 
following the repeated bout (Fig. 7b).

Discussion

The starting point for this study was the observations famil-
iar to anyone involved in sport and formally documented by 
Jones et al. (1987) and Reisman et al. (2005) that the pain 
and stiffness experienced when stretching a muscle that has 
been subjected to eccentric exercise is much reduced if the 
muscle is gently stretched a number of times. Despite the 
familiarity of this observation, two basic questions remain 
unanswered; why the stiffness should be reduced in this way 
and, likewise, why the pain should be reduced. The results 

Fig. 6   Changes in torque and creatine kinase in the repeated bout 
experiment. Data for the subjects in Study 2 who repeated the eccen-
tric exercise with the same arm 28 days after the first bout of exercise. 
a Torque expressed as percentage of torque measured before the first 
bout. Data are mean and SD (N = 11). b Plasma creatine kinase. Data 
are median and IQR; note the log scale for CK. *Significant differ-
ence from baseline (p < 0.05). #Significant difference from the first 
bout (p < 0.05)
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presented here confirm what was already suspected that 
oedema and swelling of the muscle are unlikely to be the 
cause of the muscle stiffness nor is it the cause of the pain 
but, otherwise, throw no new light on the cause of stiffness. 
In respect of the pain, however, the results provide a new 
insight, suggesting that the pain on stretch is a combination 
of the stiffness of the muscle and mechanical hypersensitiv-
ity and that the reduction of the pain on stretch, either with 
gentle passive stretching, or following a repeated bout of 
exercise, is primarily due to a reduction in muscle stiffness, 
while the mechanical hypersensitivity assessed as PPT pain 
remains largely unaffected.

It is a common observation that the responses to eccentric 
exercise vary considerably from person to person and this 
was the case in the present study; hence, most of the data 
were not normally distributed and are presented as median 
and IQR, although it interesting that in most other studies, 
the data appear to be normally distributed. A wide range of 
factors might affect the response to eccentric exercise includ-
ing the protective effect that exercising one arm might have 
for the contralateral arm (Chen et  al. 2018). The data 
reported here in Figs. 2, 3, 4, and 5 are all for arms that were 

exercised the first time. Other factors which might influence 
the muscle damage include arm dominance, phase of the 
menstrual cycle, and the speed of the damaging eccentric 
movement, but no evidence was seen of any such influence 
(Supplementary Data, Table 1). Although the recovery of 
muscle strength following eccentric exercise damage of the 
elbow flexors is known to be slow (Newham et al. 1987), it 
was surprising that participants in the repeated bout study 
only recovered to 80% of their initial MVC torque (Fig. 6a). 
It is possible that the lower torque generated during the 
repeated bout of exercise might have resulted in the lower 
pain on stretch scale but, on the other hand, PPT pain was 
unaffected (Fig. 7d). In other studies, such as of drop jumps 
(Venckunas et al. 2012), torque did fully recover before the 
second bout, but the subsequent pain was reduced, suggest-
ing that the extent of MVC torque recovery was probably not 
an important factor accounting for the reduced pain on 
stretch scale. Although there has been speculation that mus-
cle oedema might be the cause of the increased stiffness and 
elbow flexion (Howell et al. 1985; Jones et al. 1987) the fact 
that swelling developed more slowly and continued for 
longer than the flexion (compare Fig. 3a and 3b) makes it 

Fig. 7   Consequences of a repeated bout of eccentric exercise for 
elbow flexion, muscle swelling and pain. a Change in resting elbow 
flexion angle (REFA); b change in upper arm girth; c pain on stretch 

scale; d PPT (pressure pain threshold) pain. All data are given as 
median and IQR (N = 11). *Significant difference from baseline 
(p < 0.05). #Significant difference from the first bout (p < 0.05)
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unlikely that it is the cause. In addition, the data in Fig. 5a, 
c show quite clearly that while resting elbow flexion angle, 
and by implication muscle stiffness, was reduced by passive 
stretching, the swelling was unaffected. Similar evidence 
comes from the work of Lau et al. (2015a, b, c) who found 
that while arm flexion and swelling were both present after 
a first bout of exercise, following a repeated bout there was 
no swelling but there was arm flexion, although this resolved 
more rapidly than after the first bout (see also Fig. 7a, b). 
The cause of the increased stiffness is not known, although 
there is interest in the idea of Ca2+ entering via stretch acti-
vated channels (Allen et al. 2005) which would increase 
cross bridge interaction and may also lead to conformational 
changes in titin (Labeit et al. 2003), but the present results 
do not throw any light on this aspect of muscle damage. The 
reason why gentle stretching can reverse the flexion and, 
further, why the flexion returns on resting for around 30 min, 
is equally obscure, although Riesman et al. (2005) have dis-
cussed a number of possible mechanisms. The pain generally 
noticed by participants following eccentric exercise is that 
which occurs when the muscle is stretched. The data pre-
sented here show a clear relationship between the pain on 
stretch scale and the extent of the resting elbow flexion angle 
(Fig. 4c). The relationship is further emphasised by the 
decrease in pain on stretch scale when the flexion contrac-
ture is reduced, either by the gentle passive stretching pro-
cedure (Fig. 5b) or after the repeated bout of exercise, where 
both pain on stretch scale and resting elbow flexion angle 
were much reduced (Fig. 7a, c). However, this is quite dif-
ferent to the PPT pain that was unaffected either by the pas-
sive stretching (Fig. 5d) or the repeated bout effect (Fig. 7d). 
The pain associated with PPT following the first bout of 
exercise was unrelated to plasma creatine kinase (Fig. 4b), 
indicting that it is not a consequence of inflammation, unlike 
swelling of the upper arm which was highly correlated with 
CK (R2 = 0.7 at day 4, Table 1). In addition, unlike pain on 
stretch, PPT pain was not correlated with increased resting 
elbow flexion angle (Fig. 4d), was not influenced by gentle 
passive stretching of the damaged muscle (Fig. 4d) and was 
not significantly reduced following the repeated bout of exer-
cise (Fig. 7d). Unlike other aspects of muscle damage, the 
resolution of the flexion contracture by gentle passive 
stretching and the relationship to muscle pain has received 
little attention. Previously, Jones et al. (1987) assessed the 
development of contracture and pain, measured both pain on 
stretch and PPT pain following eccentric exercise, but did 
not document the change in pain following the gentle stretch-
ing. Reisman et al. (2005) also assessed pain in the same two 
ways, together with the response to vibration, and showed 
that following five stretches which reduced the flexion there 
was a significant reduction in pain on stretch scale and the 
pain in response to vibration but possible changes in PPT 
were not reported. The present study is, therefore, the first 

to report the discrepancy between the two methods, stretch-
ing and pressure, for assessing pain following eccentric exer-
cise. One interpretation of the results is that the two methods 
of assessing pain are measuring two different types of pain 
and it is notable that while the two measures have similar 
time courses (Fig. 3c, d), there was, in fact, no correlation 
between the two measures, an observation also made by Lau 
et al. (2015). There are, however, other explanations. The 
observations that when the flexion contracture, or muscle 
stiffness, is reduced by gentle passive stretching, the pain on 
stretch is also reduced has two possible explanations. It is 
generally agreed that the DOMS pain represents hypersen-
sitivity of mechanoreceptors so the stretching process must 
either have reduced the hypersensitivity or, stretching no 
longer activates those mechanoreceptors. Animal work sug-
gest hypersensitivity of mechanoreceptors is induced by a 
variety of factors including bradykinin and NGF, although 
these are not necessarily present in the tissue at the time 
when the pain is measured (Murase et al. 2010, 2013; Mizu-
mura and Taguchi 2016), but lead to activation of ASIC and 
TRPV1 and TRPV4 ion channels by phosphorylation of 
various serine and tyrosine sites (Fujii et al. 2008; Ota et al. 
2013). It seems unlikely that 5 min of gentle passive stretch-
ing will dephosphorylate critical sites and down regulate ion 
channels. Thus the most likely explanation for the reduction 
in pain is that stretching the muscle no longer activates the 
mechanoreceptors. When a muscle tendon unit is stretched 
the extent to which the length change is taken up by the 
muscle fibres and connective tissue and tendon will depend 
on their relative stiffness. In a relaxed muscle the tendon and 
connective tissue is much stiffer than the muscle fibres and 
the length change is taken up by the muscle fibres. However, 
when the muscle fibres are stiff, as during a contraction or 
contracture, the connective tissue and tendon will be 
stretched. Consequently, if the hypersensitive mechanore-
ceptors are located on connective tissue in series with the 
muscle fibres, they will only be stimulated when the muscle 
fibres are stiff as when a contracture develop after damaging 
exercise. Reducing the muscle contracture will thereby 
reduce the strain on the hypersensitive mechanoreceptors 
and the pain experienced when the muscle is stretched. This 
is consistent with the results shown in Fig. 5, where the pain 
on stretch was reduced by gentle stretching, which reduced 
the stiffness of the muscle, while PPT pain was unaffected. 
Andersen et al. (2013) have shown massage to be as equally 
effects as exercise in temporarily relieving DOMS and one 
form of self-massage, foam rolling, has also been shown to 
be effective (Pearcey et al. 2015). Although the benefits of 
exercise and massage probably involve peripheral mecha-
nisms, a study of foam rolling for tender spots in the calf 
showed that contralateral PTT can be affected (Aboodarda 
et al. 2015) raising the possibility of central adaptations.
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The question then arises as to whether the same expla-
nation applies to the reduction in pain on stretch scale 
that is a well-known feature of the repeated bout effect. 
The observations reported here for the repeated bout of 
exercise are typical of many similar studies, where it has 
been shown that following the repeated bout there is faster 
recovery of torque, reduced pain scale and CK responses 
and, where measured, a reduction in the flexion contrac-
ture (Newham et al. 1987; Chen et al. 2012; Janecki et al. 
2014; Lau et al. 2015a, b, c). The most direct comparison 
with the present study is with Newham et al. (1987), where 
muscle tenderness was assessed as a pain threshold. In 
that study the peak PPT pain was reduced by around 20% 
following the repeated bout of exercise. The present study 
was powered to detect an 11% change in PPT pain but 
given the wide variation in responses and the relatively 
small number of participants in both studies it is not pos-
sible to decide whether there is any significant difference 
between the previous and present studies. However, it is 
clear that both studies show there to be substantial PPT 
pain after the repeated bout and this contrasts with the 
major reductions in pain on stretch scale and muscle stiff-
ness. In contrast, a study of eccentric exercise damage 
of the human tibialis anterior reports a significant reduc-
tion in PPT pain following a repeated bout when meas-
ured 1 day after exercise (Hosseinzadeh et al. 2013) and a 
study by Lau et al. (2015) reporting a substantial decrease 
in pain assessed by PPT in a repeated bout of exercise 
of the forearm flexors. There are also several studies, 
where a reduction in pain has been reported following a 
repeated bout of eccentric exercise using a variety of pal-
pation techniques, where it is not clear how this relates 
to a pain threshold measurement (Lau et al. 2015a, b, c; 
Souron et al. 2018) and, likewise, a study, where partici-
pants rated their responses to a brief standard pressure 
stimulus (Janecki et al. 2014). While in the present study 
it is quite clear that the PPT pain was the same, or very 
similar, following the first and repeated bouts of exercise, 
there is an obvious discrepancy with some other studies, 
the reasons for which are not clear. Nevertheless, the con-
clusion of the present study is that the marked reduction 
in pain on stretch scale in response to the repeated bout of 
eccentric exercise was a consequence of the reduction in 
muscle fibre stiffness, while mechanical hypersensitivity 
assessed by PPT is largely unaffected. The main limitation, 
or at least reservation, concerning this study concerns the 
repeated bout study and the fact that the observation that 
PPT is unaffected and runs counter to several other studies. 
The reasons for this discrepancy may need to be explored 
but the central argument that the pain on stretch scale is a 
function of both stiffness and mechanical hypersensitivity 
does not depend on the repeated bout experiment; these 

results are simply consistent with the observations of the 
effects of passive stretching on pain and stiffness.

In conclusion, the present results have confirmed previous 
observations, which have largely been overlooked, that pas-
sive stretching reduces the stiffness that develops soon after 
eccentric exercise and demonstrates this is most unlikely to 
be due to tissue swelling. Furthermore, the pain on stretch 
scale is also most unlikely to be due to swelling but is 
reduced in proportion to the reduction in stiffness when the 
muscle is subjected to gentle passive stretching. The fact 
that PPT pain is not affected by this procedure indicates that 
mechanical hypersensitivity remains and suggests that the 
decrease in the pain on stretch scale is due to more compliant 
muscle fibres placing less strain on mechanoreceptors situ-
ated on connective tissue elements in the muscle. We have 
shown that much of the reduction in the pain on stretch scale 
associated with the repeated bout of eccentric exercise can 
also be ascribed to reductions in the stiffness of the muscle 
rather than changes in hypersensitivity of the mechanorecep-
tors. These observations focus attention on the nature of the 
increased stiffness of damaged muscle, its cause and how it 
can be modified by gentle stretching and repeated exercise.
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