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The effects of a single bout of downhill running and ensuing delayed
onset of muscle soreness on running economy performed 48 h later
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Abstract Delayed onset of muscle soreness (DOMS) is a
common response to exercise involving significant
eccentric loading. Symptoms of DOMS vary widely and
may include reduced force generating capacity, signifi-
cant alterations in biochemical indices of muscle and
connective tissue health, alteration of neuromuscular
function, and changes in mechanical performance. The
purpose of the investigation was to examine the effects
of downhill running and ensuing DOMS on running
economy and stride mechanics. Nine, well-trained dis-
tance runners and triathletes participated in the study.
Running economy was measured at three relative
intensities [65, 75, and 85% of maximal aerobic capacity
(V_O2peak)] before (RE1) and 48 h after (RE2) a 30-min
downhill run ()10%) at 70% V_O2peak. Dependent vari-
ables included leg muscle soreness, rate of oxygen con-
sumption (V_O2), minute ventilation, respiratory
exchange ratio, lactate, heart rate, and stride length.
These measurements were entered into a two-factor
multivariate analysis of variance (MANOVA). The
analysis revealed a significant time effect for all variables
and a significant interaction (time · intensity) for lac-
tate. The energy cost of locomotion was elevated at RE2
by an average of 3.2%. This was coupled with a signif-
icant reduction in stride length. The change in V_O2 was
inversely correlated with the change in stride length
(r= )0.535). Lactate was significantly elevated at RE2
for each run intensity, with a mean increase of

0.61 mmol l)1. Based on these findings, it is suggested
that muscle damage led to changes in stride mechanics
and a greater reliance on anaerobic methods of energy
production, contributing to the change in running
economy during DOMS.

Keywords Muscle soreness Æ Stride length Æ Muscle
damage Æ Lactate

Introduction

Delayed onset of muscle soreness (DOMS) is commonly
experienced following unaccustomed exercise or exercise
that involves heavy eccentric loading of skeletal muscle.
Symptoms associated with DOMS include, but are not
limited to, significant discomfort at the site of injury and
tendon insertion points (MacIntyre et al. 1995), inflam-
mation, edema (Clarkson and Sayers 1999), compro-
mised muscular function, loss of range of motion across
an affected joint (Lee et al. 2002; Rawson et al. 2001),
and reduction in maximal force-generating capacity of
the affected muscle (Clarkson and Sayers 1999; Clarkson
et al. 1992; MacIntyre et al. 1995). Various biochemical
indices associated with muscle damage including eleva-
tions in collagen-degrading enzymes, creatine kinase,
leukocyte and neutrophil concentrations, and myoglo-
bin among others, have also shown marked alterations
in the days following the initiating exercise session
(Gleeson et al. 1995; Koskinen et al. 2001; MacIntyre
et al. 1996, 2001; Rodenburg et al. 1993; Sorichter et al.
1995). The onset of symptoms resulting from muscle
damage is variable; however, muscle soreness tends to
develop within the first 24 h following the exercise ses-
sion and may persist for up to 10 days (Clarkson et al.
1992). Loss of force-generating power or torque has
commonly been reported to be compromised within 2 h
of the damaging bout of exercise (MacIntyre et al. 1996;
Rodenburg et al. 1993; Sorichter et al. 1995), whereas
creatine kinase concentrations have been found to peak
anywhere from 1 (Koskinen et al. 2001) to 4 days
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(Clarkson et al. 1992) or more after the damaging
session.

Some investigators (Clarkson and Sayers 1999; Mac-
Intyre et al. 1995; Warren et al. 2001) have evaluated
proposed causative mechanisms for muscle damage and
DOMS symptoms and many others have examined the
efficacy of intervention strategies and analgesic treat-
ments for helping to minimize the magnitude of such
symptoms (Harrison et al. 2001; Johansson et al. 1999;
Lambert et al. 2002; Lecomte et al. 1998; Lund et al.
1998). In many cases, measures of functional modifica-
tions of muscle, as inferred from loss of force generating
capacity, have been made (MacIntyre et al. 1996; Nosaka
and Newton 2002a; Rawson et al. 2001; Sorichter
et al.1995). There has been little research investigating the
effects of DOMS on changes in gait patterns during
locomotion and on the cost and economy of locomotion,
which can be termed ‘‘running economy’’, defined here as
the oxygen cost of transporting the body at a fixed sub-
maximal speed. Changes in gait subsequent to soreness or
damage to muscle tissue could result in further injury and
could adversely affect running performance.

Hamill et al. (1991) studied the effects of a single
downhill running bout on kinematic and metabolic
measures associated with running economy in a group of
recreationally active women. In this group, downhill
running was found to elicit small, significant alterations
in lower-body kinematics involving the knee, ankle, and
hip, but did not significantly affect oxygen consumption
(V_O2). Kyrolainen et al. (2000) investigated the effects of
a marathon run on similar measures; however, muscle
damage and soreness were not induced through a pro-
tocol, but were taken as effects of the marathon run.
Furthermore, the residual effects associated with fatigue,
injury, and substrate depletion following a marathon
may not be characteristic of the responses to downhill
running. Thus, the purpose of this investigation was to
examine the effects of a single, downhill running bout on
running economy and related physiologic and mechan-
ical measures associated with DOMS. It was hypothe-
sized that muscle damage induced by the downhill run
and the resultant DOMS symptoms would adversely
affect running economy.

Methods

Nine, well-trained, male endurance athletes (three triathletes; six
distance runners) participated in the investigation. Prior to inclu-
sion in the study, subjects were informed of the risks associated
with their participation and each subject completed a university-
approved consent form and a medical history questionnaire. The
authors declare that the experiments comply with current laws in
the United States. Descriptive characteristics of the athletes are
presented in Table 1. Preliminary measures included determination
of body composition using skin folds (Jackson and Pollock 1978)
and assessment of maximal aerobic capacity (V_O2peak) using a
graded treadmill test. During this test, gas exchange was measured
continuously using an automated gas analysis system (TrueMax
2400, ParvoMedics, Salt Lake City, Utah). Following a warm-up
period, the initial treadmill velocity was set at 53.6 m min)1 below

the subject’s estimated 5 km race pace. Treadmill velocity was in-
creased by 26.8 m min)1 every 3 min until the subject achieved a
running speed that was 26.8 m min)1 faster than the estimated race
pace. From this point, gradient was increased by 2% every 2 min
until the subject achieved volitional exhaustion. Data obtained
from the graded exercise test (V_O2 and treadmill speed) were en-
tered into a linear regression to predict treadmill velocities that
would be used for running economy testing. Running economy was
assessed among all subjects at treadmill speeds that would elicit
three fixed intensities: 65, 75, and 85% of V_O2peak. Subjects re-
frained from physical activity for a minimum of 36 h preceding
each testing session. No exercise was performed during the 48-h
period between the completion of the downhill run and the second
running economy test (RE2). Subjects were also required to refrain
from the use of anti-inflammatory agents during the study.

Running economy 1

The first running economy test (RE1) was performed a minimum of
48 h after the graded exercise test (GXT), but not more than
1 week later. Prior to measuring running economy, subjects were
oriented to the treadmill and to the gas collection system. All
testing was performed between 0700 and 1100 hours with the
exception of two subjects who were available only for afternoon
testing. Testing times were held constant within subjects. After
arrival at the laboratory, a resting fingertip blood sample was
collected for lactate measurement (Stat 2300, Yellow Springs
Instruments, Yellow Springs, Ohio), then the subject completed
5 min of self-paced warm-up on a treadmill. After completing the
warm-up, the subjects were fitted with a heart rate transmitter and
retro-reflective markers were placed at the heel (lateral calcaneous,
on the shoe) and toe (base of the fifth metatarsal, on the shoe) of
the foot, and at the lateral malleolus of the ankle. All markers were
placed on the left side of the body to assist in identifying heel strike
during the running stride. Subjects completed three, 5-min sessions
of increasing intensity (65, 75, and 85% of V_O2peak). Each stage
was separated by a 5-min recovery period, during which fingertip
samples were collected for blood lactate analysis. All blood samples
were collected with the subject in the standing position and the
samples were analyzed immediately after collection. Video images
were recorded at 120 Hz (Pulnix, Sunnyvale, Calif.) of the sagittal
plane of motion of the runner during a 10-s period within the third
minute of each stage. Once these data were acquired, the subject
was given a mouthpiece and nose clip, and expired gases were
collected for the remaining 2 min of each stage. Expired gases
collected during the final 45 s of each stage were used to measure
V_O2, ventilation (V_E), and respiratory exchange ratio (R) using
automated gas analysis. Heart rate (HR) was measured via telem-
etry (Polar Vantage XL, Polar Electro, Woodbury, N.Y.) and
rating of perceived exertion (RPE; Borg 1970) were obtained dur-
ing the last 20 s of each stage.

Determination of stride length

From the 10-s video recordings, between 12 and 15 consecutive
strides were identified using Motion Analysis software (Motion

Table 1 Descriptive characteristics of subjects (n=9). V_O2peak

Maximum aerobic capacity

Characteristic Mean (SD)

Age (years) 31.44 (5.43)
Body mass (kg) 75.70 (9.63)
Height (cm) 178.58 (5.25)
Training volume (km week)1) 60.44 (23.36)
V_O2peak (ml kg)1 min)1) 58.43 (7.71)
Body fat (%) 11.03 (2.87)
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Analysis Corporation, Santa Rosa, Calif.). The trajectory of the
two foot (heel and toe) and ankle markers in two dimensions were
used to assist in the determination of heel contact for strides at the
beginning and end of the 10 s of recorded data. Heel contact was
identified from a combination of examining the recorded video tape
and the vertical position of the heel marker. Average stride time
(ST) was determined by measuring the total time between the first
and last heel strikes, and then dividing that time by the number of
strides. Using the average ST, stride length (SL) was derived by
using the relationship between running velocity and ST and SL
(velocity = SL/ST).

Downhill run

The downhill run (target duration: 30 min) was completed between
48 and 96 h after RE1. The treadmill was set at a )10% gradient
with a target intensity of 70% of V_O2peak as determined from the
GXT. Prior to beginning this run, each subject warmed up for
5 min on a treadmill set at 0% gradient using self-selected speeds.
During the downhill run, expired gas was collected at several time
points in order to make adjustments to treadmill velocity. All but
two subjects were able to complete the full 30-min run. The mean
duration of this session was 27.2 min, with an average treadmill
velocity (SD) of 280.65 (31.7) m min)1. The average downhill run
intensity was 69.5 (6.2)% V_O2peak.

Running economy 2

The RE2 was performed 48 h following the downhill run. Proce-
dures and treadmill velocities were identical to RE1 as described
above. Subjects refrained from regular exercise during the 48-h
period between the downhill run and RE2.

Muscle soreness

A general rating of muscle soreness was assessed using a 0–6 point
scale modified from that described by Talag (1983). A score of ‘‘0’’
corresponded to a rating of ‘‘no pain’’, while a score of ‘‘6’’ cor-
responded to a rating of ‘‘unbearably painful.’’ Active soreness was
measured by having the subject step down from a stool with a
height of 33 cm. Subjects were requested to rate discomfort in only
the quadriceps and calf regions of the legs. Each subject performed
three steps down using each leg and a mean soreness measure was
determined for each leg. The ratings from both legs were then
averaged for each time point. Soreness measures were collected
prior to, immediately after, and 48 h after completion of the
downhill run (just prior to RE2). A final measurement was col-
lected upon completion of RE2.

Statistical analyses

Physiologic and kinematic data were analyzed using a 3·2 (inten-
sity · time) multivariate analysis of variance (MANOVA).
Dependent variables included V_O2, HR, R, V_E, lactate, and SL.
The independent variables were time (pre vs post) and intensity (65,
75, and 85% of V_O2peak). Soreness data were analyzed using a one-
way ANOVA, with the location of differences detected using the
Tukey HSD post hoc test. Changes in RPE (6–20 point scale) were
assessed using a t-test. A correlation was run between the change in
V_O2 (running economy) and the change in SL; all intensities were
represented by this correlation. The alpha level for all analyses was
set at P<0.05. The MANOVA was run using BMPD New System
2.0 (BMPD Statistical Software, Los Angeles, Calif.). The one-way
ANOVA, t-test and correlations were conducted using SPSS 10.0
(SPSS, Chicago, Ill.).

Results

Statistical analysis using MANOVA revealed signifi-
cant effects for time (P<0.05) such that all physiologic
variables (V_O2, R, V_E, lactate, and HR) were elevated
at RE2 and SL was reduced at RE2. A significant
interaction (time · intensity) was present for lactate
only (P<0.05). Running economy, expressed as milli-
liters per kilogram per minute, was significantly ele-
vated from RE1 to RE2 (Fig. 1). The mean (SEM)
increase in oxygen cost was 3.2%. R increased from
0.94 (0.01) to 0.97 (0.01) (Table 2). V_E increased from
68.2 (2.99) l min)1 to 75.7 (3.80) l min)1 (Table 2) and
HR increased from 158.9 (3.22) beats min)1 to 163.2
(3.03) beats min)1 (Table 2). The interaction for lac-
tate revealed that lactate was significantly elevated at
RE2 and was higher within each intensity at RE2
(Fig. 2). On average, lactate was increased by

Fig. 1 Running economy. Running economy test 2 (RE2) is
significantly greater than test 1(RE1) (time effect: P<0.05). V_O2

Rate of oxygen consumption, V_O2peak maximum aerobic capacity

Table 2 Physiologic and biomechanical responses to running
economy tests performed prior to (RE1) a single downhill run and
48 h after (RE2) completion of the downhill run (n=9). Data are
means (SEM). Mean CD Data from all intensities collapsed into
RE1 and RE2 means for comparison

Measure Intensity (% of V_O2peak)

65% 75% 85% Mean CD

Ventilation (l min)1)
RE1 53.61 (1.89) 66.09 (2.47) 84.84 (3.96) 68.18 (2.99)*
RE2 58.83 (2.69) 74.09 (4.57) 94.27 (5.81) 75.73 (3.80)

Respiratory exchange ratio
RE1 0.91 (0.01) 0.93 (0.01) 0.99 (0.02) 0.94 (0.01)*
RE2 0.93 (0.01) 0.96 (0.02) 1.03 (0.02) 0.97 (0.01)

Heart rate (beats min)1)
RE1 145.2 (4.44) 158.9 (4.18) 172.7 (4.13) 158.9 (3.22)*
RE2 149.8 (4.02) 163.3 (4.03) 176.6 (3.52) 163.2 (3.03)

Stride length (m stride)1)
RE1 2.27 (0.07) 2.52 (0.07) 2.77 (0.07) 2.53 (0.07)*
RE2 2.20 (0.09) 2.45 (0.10) 2.71 (0.10) 2.45 (0.07)

*Significant main effect (time) (P<0.05)
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0.61 mmol l)1. RPE was not affected during RE2
(P>0.05).

SL (meters per stride) was significantly reduced at
RE2, with a mean reduction of 3.2% (Table 2). A
correlation was employed to examine the relationship
between changes in SL and changes in V_O2 between
RE1 and RE2. When all data points were clustered into
one analysis (n=27), a significant inverse correlation
was observed (r= –0.535). However, when the same
analysis was run to examine the relationship within
fixed intensities, a significant correlation was found only
with the highest intensity (85% V_O2peak) (r= –0.786)
(Fig. 3).

One-way ANOVA revealed a significant time effect
for soreness. A Tukey HSD post hoc test was used to
detect the locations of significant differences. This
analysis revealed that muscle soreness was significantly
elevated above the baseline measurement (pre downhill)
at all time points (P<0.05). In addition, soreness was
significantly elevated when comparing the post downhill
measure to the pre RE2 measure which was taken 48 h
after the downhill run (Fig. 4).

Discussion

The key finding of the present investigation is that
running economy was found to be compromised during
the time course of DOMS. This finding is one manifes-
tation of an overall increase in metabolic stress that was
evident 48 h after completing the downhill run. While a

number of physiologic variables were affected, the
practical significance of these effects pertains to the cost
of locomotion. It has been widely established that force-
generating power and peak isometric force development
may be impaired following heavy eccentric loading
(Eston et al. 1996; MacIntyre et al. 1996; Nosaka and
Newton 2002a; Sorichter 1995); however, research
studies examining eccentrically induced damage to
muscles involved in lower body locomotion are limited.
Hamill et al. (1991) examined the energy cost of level-
running at a fixed intensity in female runners 24 h prior
to, and 48 and 120 h after a 30-min downhill run and
failed to see any effects on energy cost. Some aspects of
leg kinematics were influenced over the follow-up peri-
od, but they were not found to affect the cost of loco-
motion. This seems surprising as, in the Hamill et al.
(1991) study, subjects ran on a )26% gradient whereas
in the present study, the gradient was )10%. Gender
differences can be discounted as other investigators have
not observed gender-related effects in response to
downhill running protocols (Eston et al. 1996; Sorichter
et al. 2001). It is possible that intensity effects contrib-
uted to the different findings as, in the Hamill et al.
(1991) study, subjects performed the downhill run at
73.5% of maximum heart rate (HRmax), while in the
present study the downhill run was performed at an
average of 69.5% V_O2peak which corresponded to 90.3%
of HRmax. Finally, training status may have played a
role, as the subjects in the present investigation were
well-trained runners whereas the subjects in the Hamill
et al. (1991) study were recreational runners. Running
economy may be less sensitive to muscle damage in
lesser-trained subjects as gait patterns may not be as well
refined as in trained runners. This idea requires further
investigation.

The higher oxygen cost of running seen in the present
study at RE2 may be due, in part, to changes in kine-
matics. SL was significantly reduced during RE2. In
examining the changes in SL and the changes in energy
cost between RE1 and RE2, a significant inverse corre-
lation was observed between the two variables when
examined at the highest running intensity (85% V_O2peak)
(Fig. 3). Hamill et al. (1991) identified small but signif-
icant kinematic changes over the days following a
downhill run. However, the changes were not associated

Fig. 2 Lactate responses to running economy testing at RE1 and
RE2. Mean CD Average of RE1 and RE2 lactate measurements.
*Difference between RE1 and RE2 (P<0.05)

Fig. 4 Muscle soreness. DH Downhill. *Different from all time
points (P<0.05); #different from pre RE2 (P<0.05)

Fig. 3 Delta running economy versus delta stride length (85%
V_O2peak)
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with a significant alteration in running economy (Hamill
et al. 1991). Cavanagh and Williams (1982) found that
when a runner deviates from an optimal SL for maxi-
mizing economy that the V_O2 will increase in a
U-shaped fashion. Further, the investigators noted that
the preferred SL appears to fall very close to the optimal
stride length for maximizing economy (Cavanagh and
Williams 1982). Thus, reducing or increasing stride
length, while at a fixed speed, would both lead to an
increase in the oxygen cost.

The causes of the small but significant alteration in
stride length are not readily apparent. Factors that may
have contributed to the altered kinematics include al-
tered motor unit activation patterns, compromised
range of motion about the knee, ankle, and/or the hip,
and general discomfort associated with the DOMS
symptoms that may have resulted in subjective modifi-
cation of gait.

Kyrolainen et al. (2000) measured running economy
in trained runners following completion of a marathon
and were unable to explain elevations in V_O2, V_E, and
HR by changes in running mechanics. Rather, the
physiologic changes were attributed to elevated fat oxi-
dation, increased thermal load, and possible muscle
damage (Kyrolainen et al. 2000). In the present investi-
gation, R and lactate were significantly elevated during
RE2, along with the aforementioned variables. Thus, the
muscle damage incurred by the downhill run appears to
have resulted in a shift towards more anaerobic means
of energy production during RE2. Further, the meta-
bolic responses to downhill running and marathon
running are clearly different, as Kyrolainen et al. (2000)
showed significant reductions in R during testing per-
formed at the end of the marathon and 2 h later. The
lowering of the R is a common response to prolonged
endurance exercise as the body becomes more reliant
upon fat oxidation.

Gleeson et al (1998) suggested that an increase in
type II fiber recruitment may occur while exercise is
performed during DOMS. Although Gleeson et al
(1998) did not observe changes in V_O2, V_E, R, or HR
during cycle exercise, lactate concentrations were sig-
nificantly higher, leading the investigators to implicate a
greater recruitment of glycolytic fibers during DOMS.
Clarkson et al. (1992) have also suggested that fiber
activation patterns may be modified by muscle damage
and during DOMS. In addition, if force-generating
capacity was compromised (as shown in other muscle
damage models), more motor units would have to be
activated to achieve the same sub-maximal force output,
resulting in a concomitant increase in metabolic cost.
Such an effect could contribute to the significantly
higher lactate concentrations shown in the present
study. It seems unlikely that the small, but significant,
changes in stride length would account for the eleva-
tions in lactate concentration shown at RE2. Conse-
quently, the higher lactate concentrations and V_E
measures may be more related to a greater dependence
upon type II motor unit recruitment and the corre-

sponding increase in CO2 production, respectively,
which also resulted in a higher R at RE2.

The potential ramifications of performing run train-
ing or participating in competition while experiencing
DOMS would primarily be related to an increase in time
to cover a fixed distance and/or earlier onset of fatigue,
as well as impaired glycogen resynthesis due to a
reduction in the concentration of glucose transporter-4
protein in damaged fibers (Asp et al. 1995, 1998). The
risk of further injury may also be a factor. Interestingly,
Nosaka and Newton (2002b) found that subsequent
days of eccentric exercise after muscle damage had been
induced did not tend to exacerbate muscular function.
Sayers et al. (2000) found that light exercise during
DOMS was associated with better recovery of isometric
maximal force than in a control group, but was not any
more effective than an immobilization group. Others
have reported that light exercise of the affected muscles
does not appear to accelerate the recovery process
(Weber et al. 1994). It is possible that mechanical
changes in running associated with DOMS may increase
the risk of further musculoskeletal injury if training is
sustained while the symptoms persist. Further, given the
degree of loading of the lower body musculature and
connective tissue associated with running, it may be
advisable to engage in light exercise that does not load
the muscles in the same fashion as running while
recovering from DOMS. Further investigation is war-
ranted to examine such ideas.

The time course of metabolic and biomechanical
alterations should be explored further using a running
model. For instance, it would be of value to assess
running economy immediately after completion of the
downhill run and to analyze the relevant data over a
consistent time span to better gauge the recovery pro-
cesses. Additionally, while it is evident that DOMS can
affect gait and physiological factors associated with run
performance, it is presently unclear whether such effects
would be manifested in compromised running perfor-
mance. Thus, it would be of value to conduct further
applied research to investigate this question.
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