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ABSTRACT

Knee osteoarthritis is commonly thought to be caused by joint tissue wear and
tear produced by physical activity. Activities that subject knees to repetitive
impacts characterized by high rates of loading are believed to be especially
harmful. Here, we present an alternative hypothesis that physical activity, rather
than necessarily being bad for knee tissues, may help prevent or attenuate knee
osteoarthritis, including activities involving high rates of loading. We experimen-
tally tested this hypothesis using guinea pigs as a model system. To simulate a
physically inactive lifestyle, animals were housed for 22 weeks in small cages that
restricted their mobility, while two other groups of animals were housed in one of
two large rooms that promoted physical activity. One room had a stiff floor to
engender high rates of hind limb loading, whereas the floor in the other room was
cushioned to engender low rates of hind limb loading. After the experiment, we
found that knee osteoarthritis degeneration was significantly greater among the
physically inactive animals than among the physically active animals in both the
stiff- and cushioned-floored rooms. These results support our hypothesis and
challenge common assumptions about the effects of physical activity and impact
loading rate on knee osteoarthritis.

INTRODUCTION

Knee osteoarthritis (OA) is a debilitating disease involving articular car-
tilage degeneration coupled with changes in nearby bone and synovial
tissue. A common perception of knee OA pathophysiology is that carti-
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lage degeneration is caused by the accumulation of wear and tear engen-
dered by physical activity throughout life (Brandt et al. 2009; Jurmain
1977; Radin et al. 1972, 1991; Turner et al. 2007). Among the activities
expected to be most harmful are those that expose knees to repetitive
impacts characterized by high rates of loading (Brandt et al. 2009; Radin
2004). These may include athletic activities such as long-distance run-
ning or football (Driban et al. 2017), as well as everyday activities like
walking on stiff ground surfaces (e.g., concrete pavement) or in stiff-
soled shoes (Lafortune and Hennig 1992; Radin et al. 1982; Whittle
1999). Thus, it has been suggested that to prevent knee OA or delay dis-
ease progression, activities producing high rates of knee loading should
generally be avoided, or at least take place on soft ground surfaces
(Milgrom et al. 1998, 2003), and shoes with cushioned soles should be
worn (Fernandes et al. 2013; McAlindon et al. 2014; Paterson et al.
2014).

Recently, we have challenged this wear and tear perception of knee
OA by hypothesizing that physical activity, instead of being inevitably
bad for knee health, may actually help prevent or attenuate knee OA
degeneration (Berenbaum et al. 2018; Wallace et al. 2017, 2019, 2022),
including activities involving high rates of loading (Holowka et al. 2021;
Wallace et al. 2018). This hypothesis originated based primarily on clues
from human evolution. For >95% of human evolution, all people were
hunter-gatherers with physically active lifestyles that necessitated walk-
ing long distances on a daily basis (Kraft et al. 2021; Marlowe 2005), and
under certain conditions, also frequent long-distance running (Bramble
and Lieberman 2004; Carrier 1984). In addition, for the vast majority of
that time, our ancestors exclusively walked barefoot, which is known to
generate ground reaction forces much more rapidly than walking in
shoes, regardless of shoe sole stiffness (Holowka et al. 2019; Lafortune
and Hennig 1992; Wallace et al. 2018). Yet, analyses of skeletal remains
of ancient hunter-gatherers indicate that knee OA was much less prev-
alent in the past than today, even after accounting for variation in lifespan
(Wallace et al. 2017). Given that knee OA levels are higher today than in
the past, while average physical activity levels are now much lower and
cushion-soled shoes are ubiquitous, it is reasonable to hypothesize that
frequent high-rate impact loading may be beneficial, rather than detri-
mental, for knee health.

Despite evolutionary reasons to hypothesize that physical activity
producing high-rate impacts may be less of a risk for knee OA than com-
monly believed, direct evidence supporting this hypothesis is currently
limited. We therefore conducted an experiment to test potential links
between physical activity, impact loading rate, and knee OA using guinea
pigs as a model system. Guinea pigs are a suitable model because, like
most humans who get knee OA, they develop the disease idiopathically,
which makes them appropriate for testing potential inhibitors of knee OA
degeneration (Bendele 2001). Moreover, previous studies have demon-
strated that knee OA in guinea pigs is histopathologically similar to that
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of humans (Bendele and Hulman 1988; Kraus et al. 2010). In our experi-
ment, to simulate a physically inactive lifestyle (which we hereafter refer
to as “sedentary”), growing animals were individually housed for 22
weeks in small cages that restricted (but did not eliminate) their mobility,
while two other groups of animals were group-housed in one of two large
rooms that facilitated voluntary engagement in physical activity. One
room had a stiff concrete floor to promote high rates of hind limb loading
during locomotion, whereas the floor in the other room was covered with
foam cushioning to promote low rates of hind limb loading. Our two
hypotheses were that compared to sedentary animals, both groups of
physically active animals would experience less knee OA degeneration
throughout the experiment, and animals who were physically active on
the stiff floor would experience no more knee OA degeneration than ani-
mals who moved on the cushioned floor. Data from the sedentary group
and physically active group housed in the cushioned-floored room have
been reported previously (Wallace et al. 2022).

MATERIALS AND METHODS
Experimental design

All procedures were approved by the IACUC of Harvard University.
Male Hartley guinea pigs (n=45) were acquired from Charles River
Laboratories (Wilmington, MA, USA) at 7 weeks of age. Animals were
randomly divided into a sedentary group and two physically active
groups (n=15/group). Sedentary animals were housed individually in
small cages (width x length: 27 % 48 cm) with wood-shavings bedding.
Physically active animals were group-housed in one of two large rooms
(width x length: 183 x 244 cm) with different types of flooring. One
group was housed in a room with a stiff, epoxy-coated concrete floor, and
the other group was housed in a room with the same concrete floor cov-
ered with foam cushion flooring material (thickness: 11 mm, Young's
modulus: 1.6 MPa; Eco-Soft Plus tiles, Rubber Flooring Inc., Mesa, AZ,
USA). Both rooms had a ceiling-mounted HDCVI camera to record
physical activity (model: CSP-CVIED2-B, CCTV Security Pros, Cherry
Hill, NJ, USA). The floors of both rooms were scrubbed and cleaned
daily, which took approximately 30 min per room to complete, during
which time the animals were kept in large plastic bins with wood-shav-
ings bedding. The foam cushion flooring material was replaced at least
every four weeks. All animals were kept on a 12:12-hr light/dark cycle,
at an ambient temperature of approximately 25°C, with free access to
water and food (LabDiet 5025, PMI Nutrition, St. Louis, MO, USA). At
the age of 30 weeks, all animals were euthanized and right articulated
knees were extracted and placed in 10% NBF for later histopathological
analyses of knee OA degeneration.

The use of Hartley guinea pigs aged 7 to 30 weeks is suitable for stu-
dying the degree to which physical activity attenuates knee OA, since it is
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Fig. 1.

Histological section of the
medial plateau of a guinea pig
proximal tibia. Pink arrows are
pointing to the locations of (A)
the tidemark used to define
cartilage thickness, (B) carti-
lage degeneration, (C) the
synovium, and (D) an osteo-
phyte.
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during this ontogenetic interval that idiopathic disease onset typically
occurs, with initial histological signs present on the medial tibial plateau
between 12 and 16 weeks of age (Bendele et al. 1989; Kraus et al. 2010).
Importantly, however, OA degeneration in the medial femur and lateral
knee compartment usually appears later in ontogeny and is less severe
than that in the medial tibia (Bendele and Hulman 1988). Thus, this
experiment was designed specifically to examine the effects of physical
activity on knee OA onset rather than more advanced stages of the dis-
ease, and our analyses of OA degeneration focused on just the medial
tibia.

Tibial histopathology

Right knee joints were decalcified for 10 days in 10% formic acid and
embedded in paraffin in a slightly flexed position (Kraus et al. 2010).
Two 8-pum coronal sections of the medial compartment were prepared,
one anterior and one posterior, and then stained with toluidine blue
(Fig. 1). Tibial histopathological assessments were performed blinded on
the sections at a magnification of 25x using an ocular micrometer.
Cartilage thickness (defined as depth to tidemark) was measured at the
mediolateral midpoint of cartilage width (defined as the total mediolat-
eral span of cartilage across the load-bearing surface of the medial tibial
plateau). Cartilage width was divided into three equal-diameter zones
(medial, central, and lateral) and cartilage degeneration in each zone was
scored following an established method (Bendele et al. 1996). Scores
were based on the evaluation of chondrocyte death/loss, matrix fibrilla-
tion/loss, and aggrecan loss, with chondrocyte loss being the main deter-
minant of the scores. Degeneration in each zone was scored on a scale
from 0 to 5 (none to severe), and a 3-zone-sum for degeneration was cal-
culated by adding the values obtained for each zone. Following an estab-
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lished method (Bendele et al. 1996), synovial inflammation was scored
on a scale from 0 to 5 (none to severe) based on the presence or absence
of an increased number of synovial lining cell layers and proliferation of
the subsynovial tissue. The thickness of osteophytes, when present, was
measured from the tidemark to the furthest point extending toward the
synovium. Values from the anterior and posterior sections were averaged.

Physical activity measurements

Among animals housed in the cushioned- and stiff-floored rooms, ceil-
ing-mounted cameras were used to quantify physical activity levels on 5
separate days throughout the experiment. Cameras recorded at a rate of 5
frames per second during the 12 hours of each day when the lights were
on. Room cleaning on these days took place when the lights were off. To
help track animal movement, red circles were painted on the backs of ani-
mals using a non-toxic marker (Stoelting Co., Wood Dale, IL, USA).
Before the beginning of the experiment, camera lens distortion coeffi-
cients were calculated based on the distortion of a checkerboard pattern
held at different angles to the cameras. Additionally, a rod of known dis-
tance was placed on the ground at different angles to calibrate room
dimensions in the camera recordings. For each 12-hour recording, the
movement of each animal was automatically tracked from frame to frame
using DLTdv software (Hedrick 2008). From these data, the average total
distance traveled by the animals in each room during the 12-hour period
was calculated for each of the 5 days.

Hind limb loading rate on cushioned versus stiff surfaces

To verify that the foam cushion flooring material had the predicted effect
of decreasing the rate of hind limb loading, the vertical component of
ground reaction forces generated by guinea pig locomotion was meas-
ured using a custom-built force plate, with and without a piece of the
foam material covering the plate surface. The plate consisted of a load
cell (Nano 43, ATI, Apex, NC, USA) housed within a 3D-printed chassis
and a top plate (width x length: 15 x 15 cm) made of carbon fiber
reinforced nylon. The plate was situated at the center of a plywood track-
way (width x length: 15 x 400 cm). To collect data, 10 guinea pigs were
randomly selected from the physically active cohorts. During trials, each
animal was released at one end of the trackway and moved at a self-
selected speed down the trackway and across the plate surface. Videos
recorded in lateral view were used to identify trials resulting in single
hind limb contacts of the load cell during steady-state locomotion.
Animal speed was determined from videos as the time required for a
fixed anatomical landmark (the nose) to pass between markers on either
side of the trackway. Ground reaction force data were collected at 4 kHz
and imported into Igor Pro software (v7.1, WaveMetrics Inc., Lake
Oswego, OR, USA) via an analog-to-digital converter (USB-6521,
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National Instruments, Austin, TX, USA) and filtered with smoothing
spline interpolation (smoothing factor<0.05). Data from 10 hind limb
contacts were collected with the foam material covering the plate surface
and 10 hind limb contacts without the foam material. For each trial, the
linear rise of the ground reaction force was measured using Igor Pro soft-
ware to calculate hind limb loading rate. Values were normalized to body
weight to facilitate comparisons across individuals.

Tibial strain rate on cushioned versus stiff surfaces

To further verify that the foam cushion flooring material decreased the
rate of hind limb loading, an additional male Hartley guinea pig (aged 10
weeks) was purchased and used to measure tibial diaphyseal strain rates
during locomotion on a treadmill with and without the foam material
covering the treadmill belt surface. Under isoflurane general anesthesia,
a single-element strain gauge (Sokki Kenkyujo, Tokyo, Japan) was
affixed to the anterior surface of the left tibial mid-diaphysis of the ani-
mal. At the gauge site, a small skin incision was made to gain access to
the bone, an area (2 x 2 mm) of the periosteum was elevated, the bone
surface was degreased with chloroform, and the gauge was glued to the
prepared surface with cyanoacrylate. Care was taken to align the gauge
element with the long axis of the bone. Gauge leads were passed subcu-
taneously and emerged through a small skin incision on the animal’s
back. Incisions were sutured closed. Strain data were recorded 12 hours
after surgery while the animal trotted (30 m/s) on a level motorized tread-
mill (Woodway, Waukesha, WI, USA) with a belt composed of stiff,
rubber-coated steel slats (0.56 x 0.07 m). Voltage changes in strain
gauges were conditioned and amplified (Vishay 2150,
MicroMeasurements Inc., Raleigh, NC, USA), and data were acquired
through a DAQ board (PowerLab, ADInstruments, Colorado Springs,
CO, USA) run by LabChart software (ADInstruments). Data were
recorded from 10 gait cycles with the animal moving on the treadmill
with strips of the foam cushion material attached to the belt slats, and
from 10 gait cycles without the foam cushion material. For each gait
cycle, the strain rate was calculated using Igor Pro software.

Statistics

Shapiro-Wilk tests were used to determine if data followed a normal dis-
tribution, and Levene's tests were used to assess the equality of group
variances. Statistical evaluation of differences among animals assigned
to the sedentary group and those housed in the cushioned- and stift-
floored rooms was conducted with an analysis of variance (ANOVA) fol-
lowed by a Tukey’s honestly significant difference (HSD) multiple
comparisons test. When the equal variances assumption was violated, a
Games-Howell (GH) multiple comparisons test was carried out. A gen-
eral linear mixed model (GLMM) was used to compare hind limb load-
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ing rates (in units of body weight) during locomotion across the force
plate with and without foam cushioning covering the plate surface, with
animal speed included as a covariate, and animal identity and housing
condition (cushioned- or stiff-floored room) included as random effects.
Independent-samples #-tests were used to assess differences in tibial
diaphyseal strain rates during locomotion on the treadmill with and with-
out foam cushioning attached to the treadmill belt surface, as well as
average daily movement distances between animals housed in the cush-
ioned- versus stiff-floored rooms. Statistical analyses were conducted
using JMP Pro software (v. 15, SAS Inst., Cary, NC, USA) and SPSS
software (v. 20; IBM Corp., Armonk, NY, USA). Statistical significance
was judged using a 95% criterion (P<0.05), and tests were two-tailed.

RESULTS
Effects of surface cushioning on hind limb biomechanics

Guinea pig locomotion across the force plate with the foam cushion
material attached to the plate surface engendered hind limb loading rates
that were, on average, 37% lower than those produced during locomotion
on a stiff, uncushioned force plate, after controlling for self-selected
locomotor speeds (GLMM: P=0.035; Fig. 2A). Tibial diaphyseal strain
rates generated during locomotion at a fixed speed on the treadmill with
the foam cushion material attached to the belt surface were, on average,
15% lower compared to locomotion at the same speed on a stiff, uncush-
ioned treadmill belt (#-test: P<0.01; Fig. 2B).

Physical activity levels

Throughout the experiment, animals housed in the rooms with cushioned
and stiff floors both voluntarily engaged in higher levels of physical
activity than possible among the sedentary animals housed in small,
restrictive cages (Fig. 2C). The minimum and maximum average daily
(12-hr) movement distances measured among animals in either room
were 1.23 km and 6.12 km, respectively. Nevertheless, the activity levels
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Fig. 2.

Hind limb mechanical environ-
ment on cushioned versus stiff
surfaces.

(A) LS mean hind limb loading
rate (+s.e.) during locomotion
across a force plate with and
without foam cushioning cov-
ering the plate surface, con-
trolling for self-selected
locomotor speeds. Hind limb
loading rate is in units of body
weight (bw).

(B) Mean tibial diaphyseal
strain rate (+s.d.) during loco-
motion on a treadmill at a fixed
speed with and without foam
cushioning attached to the
treadmill belt surface.

(C) Mean average daily move-
ment distance (+s.d.) among
animals housed in the cush-
ioned- and stiff-floored rooms.
Lines above bars indicate sig-
nificant group differences.
Gray dots in (B) and (C) repre-
sent individual data points.
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Fig. 3.

Body size among sedentary
animals and physically active
animals in the cushioned- and
stiff-floored rooms.

(A) Changes in mean body
weight (+s.d.) among animals
in the three groups during the
experiment.

(B) Differences in mean snout-
rump length (+s.d.) among ani-
mals in the three groups at the
end of the experiment.

(C) Differences in mean tibial
length (+s.d.) among animals in
the three groups at the end of
the experiment.

Key to symbols in (A): * Stiff
significantly less than both
Sedentary and Cushion; t Stiff
and Cushion both significantly
less than Sedentary; § Stiff sig-
nificantly less than Sedentary.
Gray dots in (B) and (C) repre-
sent individual data points, and
lines above bars indicate sig-
nificant group differences.

62

Wallace, Riew, Landau, Bendele, Holowka, Hedrick, Konow, Ruiz, Lieberman

>

o
S
e

Sedentary
Cushion . X *

5
8

b
w
1

w
N
1

800

Body weight (g)
Tibial length (mm)
o
T

n
@
1
'S
b
1

Snout-rump length (cm)
g

N
o
I

8 10 12 14 16 18 20 22 24 26 28 30
Age (weeks)

of animals in the two different rooms were distinct. Specifically, the aver-
age daily movement distances of animals in the cushioned-floored room
were 170% greater than those of animals in the stiff-floored room (¢-test:
P<0.001).

Body size

At the start of the experiment, average body weight was similar among
animals assigned to the sedentary group and those housed in the cush-
ioned- and stiff-floored rooms (ANOVA: P=0.88; Fig. 3A). Throughout
the experiment, body weights increased at a similar rate among animals
in the sedentary group and physically active animals in the cushioned-
floored room, such that by the end of the experiment, average body
weight did not differ significantly between the two groups (HSD:
P=0.14). However, among physically active animals in the stiff-floored
room, body weights increased markedly less during the experiment than
among animals in the other two groups, especially after 18 weeks of age.
By the end of the experiment, average body weight among animals in the
stiff-floored room was 17% and 13% lower than among sedentary ani-
mals and those in the cushioned-floored room, respectively (HSD:
P<0.0001 for both comparisons).

At the end of the experiment, average snout-to-rump length did not
differ significantly between animals in the sedentary group and physi-
cally active animals in the cushioned-floored room (HSD: P=0.81;
Fig. 3B), nor did average tibial length (HSD: P=0.99; Fig. 3C). Among
physically active animals in the stiff-floored room, however, average
snout-to-rump length was 5% less than among animals in both the seden-
tary group and those in the cushioned-floored room (HSD: P<0.0001 for
both comparisons). The average tibial length was 3% shorter among ani-
mals in the stiff-floored room, compared to animals in both of the other
two groups (HSD: P=0.020 and P=0.024 for sedentary and cushioned-
floored group comparisons, respectively).
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Knee OA degeneration

In the medial tibia, at the end of the experiment, sedentary and physically
active animals in the cushioned- and stiff-floored rooms presented carti-
lage of similar thickness (ANOVA: P=0.58; Fig. 4A). However, cartilage
degeneration scores were significantly higher among sedentary animals
than among physically active animals in both the cushioned- and stiff-
floored rooms (GH: P=0.049 and P=0.029, respectively; Fig. 4B), as
were synovial inflammation scores (GH: P=0.019 for both comparisons;
Fig. 4C). Osteophytes were present in 53% (8/15) of sedentary animals
and 67% (10/15) and 47% (7/15) of physically active animals in the cush-
ioned- and stiff-floored rooms, respectively. Osteophytes among seden-
tary animals were, on average, 92% and 121% larger than those of
physically active animals in the cushioned- and stiff-floored rooms,
respectively (HSD: P<0.001 for both comparisons; Fig. 4D). No signifi-
cant differences were detected between the two physically active groups
in cartilage degeneration scores (GH: P=0.79), synovitis scores (GH:
P=0.99), or osteophyte size (HSD: P=0.89).

DISCUSSION

In this study, to assess the effects of physical activity and impact loading
rate on knee OA degeneration, growing guinea pigs were raised for 22
weeks in one of three groups. A group of sedentary animals was housed
in small cages that restricted mobility, and two groups of animals were
housed in one of two large rooms that promoted voluntary physical activ-
ity. One room had a stiff concrete floor to engender high rates of hind
limb loading during locomotion, and the other room had a floor covered
with foam cushioning to engender lower rates of hind limb loading.
Measurements of hind limb ground reaction forces and tibial bone strains
confirmed that the cushion flooring material had the intended effect of
generally lowering rates of hind limb loading. Our first hypothesis was
that relative to sedentary animals, both groups of physically active ani-
mals would undergo less knee OA degeneration during the experiment.
The results support this hypothesis. At the end of the experiment, com-
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Fig. 4.

Knee tissue osteoarthritis
degeneration among sedentary
animals and physically active
animals in the cushioned- and
stiff-floored rooms.
Comparison of group means
(+s.d.) for histopathological
traits assessed in the medial
tibial plateau at the end of the
experiment. Gray dots repre-
sent individual data points, and
lines above bars indicate sig-
nificant group differences.
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pared to sedentary animals, both groups of physically active animals had
significantly lower knee cartilage degeneration scores, lower synovial
inflammation scores, and smaller osteophytes when present. Our second
hypothesis was that between the two physically active groups, animals in
the stiff-floored room would experience no more knee OA degeneration
than animals housed in the cushioned-floored. The results also support
this hypothesis. The two physically active groups had similar knee carti-
lage degeneration scores, synovial inflammation scores, and sizes of
osteophytes when present. Overall, the results of this study provide sup-
port for the idea that physical activity, instead of being inevitably bad for
knee health, has the potential to attenuate knee OA degeneration
(Berenbaum et al. 2018; Griffin et al. 2012; Otterness et al. 1998; Wallace
etal. 2017, 2019, 2022), including activities involving high rates of load-
ing (Holowka et al. 2021; Wallace et al. 2018).

The precise pathways by which physical activity might attenuate
knee OA degeneration are not fully known, but there are at least two pos-
sibilities. First, physical activity might help prevent the accumulation of
excess body weight, a well-known risk factor for knee OA (Bendele and
Hulman 1991; Felson et al. 1988; Wluka et al. 2013). Excess body weight
likely affects knee OA degeneration by producing a combination of adi-
posity-induced metaflammation and abnormal joint loading (Berenbaum
et al. 2018; Zapata-Linares et al. 2021). Throughout most of our experi-
ment, physically active animals in the stiff-floored room had signifi-
cantly lower body weight than sedentary animals, which may have con-
tributed to their lower levels of knee OA degeneration. Differences in
body weight, however, do not clearly explain differences in knee OA
degeneration between physically active animals in the cushioned-floor
room and sedentary animals since body weights were generally similar
between the two groups. Though, it is possible that sedentary animals
still had greater adiposity and hence adiposity-induced metaflammation.
Second, physical activity while young may help promote the growth of
stronger knee tissues that are more resistant to OA degeneration later in
life (Helminen et al. 2000). Specifically, previous experiments have
shown that young animals treated with exercise develop thicker knee car-
tilage, higher cartilage aggrecan content, and increased cartilage stiffness
(Jurvelin et al. 1986; Kiviranta et al. 1988; Sadmanen et al. 1988, 1989).
In our study, cartilage thickness was found to be similar among animals
in all three groups at the end of the experiment, but it is possible that there
were important differences in knee tissue development between physi-
cally active and sedentary animals that we did not measure. Ultimately,
additional research is necessary to better understand the pathways that
underlie the benefits of physical activity for attenuating knee OA degen-
eration.

During knee loading, cartilage and subchondral bone undergo defor-
mation, which helps to minimize stresses within the cartilage matrix.
Because knee cartilage and subchondral bone are viscoelastic tissues,
less deformation is expected to occur when loads are generated more rap-
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idly. It is for this reason that physical activities exposing knees to high
rates of loading have been hypothesized to be especially likely to cause
cartilage damage and OA degeneration (Brandt et al. 2009; Radin 2004).
This hypothesis, while sensible, is not supported by our finding that the
physically active animals in the cushioned- and stiff-floored rooms had
similarly low levels of knee OA degeneration relative to sedentary ani-
mals, despite animals in the stiff-floored room experiencing generally
higher rates of hind limb loading. Also inconsistent with this hypothesis
are the results of many previous studies showing that habitual engage-
ment in activities producing high rates of knee loading (e.g., long-dis-
tance running) is not a strong predictor of knee OA risk (Lo et al. 2017;
Newton et al. 1997; Timmins et al. 2017). Although some prior animal
experiments provide support for the idea that higher rates of loading can
be more damaging to joint tissues, these studies involved artificial loads
applied under non-physiologic conditions (Ewers et al. 2002; Radin et al.
1985; Yang et al. 1989). In the only experiment that we are aware of
besides our own that investigated the effects of higher versus lower rates
of natural loading on knee tissues under physiologic conditions, sheep
were forced to walk for 4 hr per day for 2.5 yr on either a stiff concrete
surface or a compliant wood chip surface (Radin et al. 1982). At the end
of the experiment, none of the animals in either group were found to have
major signs of OA degeneration in any of their limb joints. These results,
together with our own, suggest that knee cartilage and other tissues are
adapted to withstand loads applied both rapidly and gradually, as long as
loading is within the physiologic range.

Two findings that were unanticipated in our study are the marked dif-
ferences in voluntary physical activity levels and body weights between
animals in the cushioned- and stiff-floored rooms. When we noticed
these differences during the experiment, we suspected they might have
been due to temperature differences between the cushioned and stiff
floors. To assess this idea, we measured room floor temperatures using a
laser infrared thermometer gun (Lasergrip 1080, Etekceity Corp., Ana-
heim, CA, USA) on 5 days during the last 4 weeks of the experiment. On
all days, ambient temperatures in both rooms were approximately 25°C,
but the average floor temperatures in the cushioned- and stiff-floored
rooms were 21.2°C and 17.3°C, respectively (z-test: P<0.001). The lower
critical temperature of the guinea pig thermoneutral zone is approx-
imately 20°C (Gordon 1986), and previous studies have shown that
rodents raised at temperatures below their lower critical temperature can
exhibit both decreased physical activity levels and body weights, as well
as other traits that were ultimately found to be characteristic of animals
raised in the stiff-floored room, including shorter limbs and body lengths
(Chevillard et al. 1963; Robbins et al. 2018; Serrat 2014; Vaanholt et al.
2007). Thus, it seems likely that cooler floor temperatures contributed to
the lower physical activity levels and body weights of the animals in the
stiff-floored room.
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Regardless of the exact causes of differences in physical activity and
body weight between animals in the cushioned- and stiff-floored rooms,
it is important to consider how such differences might affect interpreta-
tions of our results related to knee OA. Importantly, our first hypothesis,
that physical activity has the potential to attenuate knee OA degeneration,
is well supported by comparisons between the sedentary animals and
physically active animals in the cushioned-floored room (Wallace et al.
2022). Moreover, even given their lower physical activity levels and
body weights compared to animals in the cushioned-floored room, ani-
mals in the stiff-floored room were still more physically active than
sedentary animals. Thus, our first hypothesis is also supported by com-
parisons between the sedentary animals and physically active animals in
the stiff-floored room. However, in terms of our second hypothesis, that
higher rates of activity-induced loading do not cause more knee OA
degeneration than lower rates of loading, we cannot rule out the possibil-
ity that had physical activity levels and body weights been more alike
between animals in the cushioned- and stiff-floored rooms, then levels of
knee OA degeneration would not have been as similar between the two
physically active cohorts. To rigorously evaluate this possibility, a more
controlled experiment will need to be conducted in the future. Neverthe-
less, we maintain that none of our findings related to knee OA degenera-
tion are inconsistent with our second hypothesis, nor are any results sup-
portive of the common view that routine physical activities that expose
knees to high rates of loading are especially harmful to knee tissues.

Another finding that deserves consideration is that physical activity
decreased knee OA degeneration but did not prevent the disease alto-
gether, either among animals in the cushioned- or stiff-floored rooms.
Similar results were obtained in a previous study in which we investi-
gated the effects of daily treadmill running on Hartley guinea pig knees
and found that running reduced knee OA degeneration but did not totally
inhibit the disease (Wallace et al. 2019). At the time of that study, we
interpreted the finding as likely being due to the modest size of the exer-
cise dosage that the runners received, amounting to only 3% of total time
per day. We hypothesized that larger doses of physical activity might pre-
vent knee OA outright. The results of the current study do not support this
hypothesis, particularly the results from the physically active animals
housed in the cushioned-floored room. Compared to the treadmill
runners in our previous study, animals in the cushioned-floored room
took, on average, roughly 4 times more steps per day, yet they still
experienced some knee OA degeneration. In retrospect, it seems possible
that vulnerability to knee OA is so high among Hartley guinea pigs that
no dosage of physical activity (or any other potentially prophylactic
action) could entirely prevent the disease (Bendele and Hulman 1988;
Brismar et al. 2003; Hyttinen et al. 2001). Indeed, compared to other
laboratory stocks of guinea pigs, Hartley guinea pigs have been shown to
be much more susceptible to knee OA degeneration even when kept
under identical environmental conditions (Huebner et al. 2002). If knee
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OA degeneration is basically inevitable among Hartley guinea pigs, then
it may be better for future experimental studies of the preventative poten-
tial of physical activity to employ an alternative model system. Even so,
regardless of why physical activity failed to totally prevent knee OA in
our two experiments, both studies provide direct evidence that routine
engagement in physical activity can at least attenuate knee OA degenera-
tion.

From an evolutionary perspective, the results of this study are impor-
tant because they provide additional support to the idea that knee OA rep-
resents an example of a ‘mismatch disease’ that is caused, in part, by the
musculoskeletal system being poorly adapted to environmental factors
that were once rare but now common, including excessively sedentary
lifestyles (Berenbaum et al. 2018; Wallace et al. 2017). In contrast to
laboratory guinea pigs, wild guinea pigs rarely experience knee OA
degeneration (Rothschild 2003). Our findings suggest that this is likely
partly because guinea pigs evolved to engage in higher levels of physical
activity than laboratory animals are normally allowed (Zipser et al.
2014), and probably on surfaces of variable stiffness, hence their knees
evolved to require routine physical activity to develop and function opti-
mally and remain healthy. Since human musculoskeletal biology evolved
among ancient physically active hunter-gatherers, human knees also pre-
sumably evolved to require and benefit from frequent loading, including
high-rate knee loading like that engendered by walking long distances
barefoot. However, even if knee OA is a mismatch disease, it would not
cease to exist even if every person and guinea pig in the world adjusted
their physical activity levels to more closely match those of their ancient
ancestors. Trauma and other risk factors for knee OA have and will
always predispose some individuals to the disease. Nevertheless, our
results suggest that habitual engagement in physical activity may be a
powerful strategy for attenuating knee OA degeneration, and that seden-
tism may be a greater threat to knee health than is often assumed.

Finally, the results of this study are relevant to anthropological
studies of knee OA among fossil and archeological human skeletons.
Based on the traditional view of knee OA as being caused by wear and
tear produced by physical activity, many anthropologists have assumed
that signs of knee OA in ancient human skeletons can be interpreted as
evidence of a lifestyle characterized by high levels of physical activity
(e.g., Austin 2017; Bridges 1991; Cheverko and Bartelink 2017; Jurmain
1977, 1999; Klaus et al. 2009; Larsen 1982, 2015; Larsen et al. 1995;
Lieverse et al. 2007, 2016). The findings of this study highlight that not
all types of physical activity should be assumed to be associated with
greater knee OA degeneration, including everyday activities like walking
and running that produce most of the activity-related loads that knees
normally experience. Therefore, determining whether or not a person’s
skeletal remains exhibit signs of knee OA is almost certainly an inaccu-
rate way of assessing their overall physical activity levels during life.
Consequently, caution is required when interpreting knee OA as evidence

WORDS, BONES, GENES, TOOLS: DFG CENTER FOR ADVANCED STUDIES

67



68

Wallace, Riew, Landau, Bendele, Holowka, Hedrick, Konow, Ruiz, Lieberman

of a highly physically active lifestyle, as well as the absence of knee OA
as evidence of a more sedentary lifestyle. In all likelihood, many of our
ancient ancestors who developed knee OA did indeed engage in high
levels of physical activity, but presumably so did many people who never
developed the disease.
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