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Objective. Previous studies have demonstrated that low physical activity levels during youth are associated 
with the development of thin knee cartilage, which may increase susceptibility to osteoarthritis later in life. Here, we 
propose and test the hypothesis that reductions in physical activity impair knee cartilage growth among people in 
developing countries experiencing urbanization and increased market integration.

Methods. Ultrasonography was used to measure knee cartilage thickness in 168 children and adolescents (aged 
8- 17 years) from two groups in western Kenya: a rural, physically active group from a small- scale farming community 
and an urban, less physically active group from the nearby city of Eldoret. We used general linear models to assess 
the relative effects of age on cartilage thickness in these two groups, controlling for sex and leg length.

Results. Both groups exhibited significant reductions in knee cartilage thickness with increasing age (P < 0.0001; 
95% confidence interval [CI] 0.15- 0.06 mm), yet the rate of reduction was significantly less in the rural than in the 
urban group (P = 0.012; 95% CI 0.01- 0.10 mm).

Conclusion. The results support our hypothesis by showing that individuals from the more physically active rural 
group exhibited less knee cartilage loss during youth than the more sedentary urban group. Our findings suggest that 
reduced physical activity associated with urbanization in developing nations may affect adult knee cartilage thickness 
and thus could be a factor that increases susceptibility to osteoarthritis.

INTRODUCTION

In many developing countries, subsistence farming populations 
that have traditionally lived in remote rural areas are undergoing major 
lifestyle changes because of rapid urbanization and integration 
into market economies. These changes, which include declines in 
physical activity and greater consumption of highly processed foods, 
are expected to increase susceptibility to knee osteoarthritis (OA) 
(1). In particular, it has recently been proposed that individuals born 
under conditions of energetic scarcity who later encounter greater 
energy abundance are predisposed to accumulate abdominal adi-
pose tissue, engendering chronic low- grade systemic inflammation, 
which plays a pathophysiological role in knee OA (2).

Here, we propose and test a related hypothesis: reductions 
in physical activity among populations transitioning from rural 

to market- integrated, urban lifestyles impair the growth of knee 
articular cartilage during childhood and adolescence, increasing 
the probability that individuals enter adulthood with biomechan-
ically vulnerable cartilage structure. Evidence from developed 
countries indicates that low levels of physical activity during youth 
are associated with thinner knee cartilage both during the grow-
ing years (3) and in adulthood (4). Moreover, thin baseline knee 
cartilage has been shown to predispose to greater knee cartilage 
degeneration with aging (5). In contrast, elevated body mass index 
(BMI) during youth has not been found to have a strong association 
with knee cartilage growth (3), leading us to focus on the hypoth-
esis that physical inactivity influences cartilage growth in the knee.

To test our hypothesis, we measured knee cartilage thickness 
in two groups of children and adolescents in western Kenya. The 
first group consisted of individuals living in a remote, rural region 
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of Nandi County, where families continue to subsist almost entirely 
on small- scale farming and have little access to the market econ-
omy, running water, electricity, or mechanized farming equipment 
(6,7) (Figure 1A). The second group consisted of urban individuals 
living in Eldoret, the fifth largest and fastest growing city in Kenya 
(Figure 1B). Previous studies of children and adolescents from 
these two groups have demonstrated that compared with rural 
individuals, urban individuals engage in markedly lower levels of 
physical activity and have lower levels of physical fitness (6,7). Our 
prediction was that during childhood and adolescence, urban indi-
viduals would develop thinner knee cartilage than rural individuals.

METHODS

Participants. One hundred sixty- eight children and adoles-
cents aged 8 to 17 years were recruited from rural and urban 
schools in western Kenya. The rural group consisted of 78 partic-
ipants (40 girls, 38 boys) who attended the Pemja Primary School 
located in Nandi County, 50 km from the city of Eldoret. This 

school is remote and inaccessible by paved roads, requiring stu-
dents to walk or run long distances (greater than 7 km, on aver-
age) over rugged terrain to get to and from school (6,7). Students 
in the rural group also frequently engage in strenuous subsistence 
activities after school, including farming and collecting firewood 
and water. The urban sample consisted of 88 participants (48 
girls, 40 boys) who attended the Uasin Gishu Primary and Sec-
ondary Schools located in downtown Eldoret. Students travel to 
these schools primarily by motorized vehicle (6). The same sam-
pling strategy was used in both schools: teachers invited their 
students to participate and described the measurements to be 
taken. Neither the teachers nor the students were made aware 
of our hypothesis. Although circumstances prevented us from 
collecting information on who declined to participate, there was 
no indication of selection bias within groups. Prior to any study 
procedure, data collection was described to participants and their 
guardians by researchers in Swahili. Participants then provided 
both verbal and written assent, and their guardians provided 
written consent. All study procedures complied with the Helsinki 

Figure 1. A, Photograph from Pemja Village in Nandi County, Kenya. Participants from the rural, high physical activity group attended Pemja 
Primary School in this village. Photograph courtesy of Benjamin Sibson. B, Photograph of the city of Eldoret in Uasin Gishu County, Kenya. 
Participants from the urban, low physical activity group were residents of this city and attended Uasin Gishu Primary and Secondary Schools, 
located downtown. Photograph credit: Tuko News.

(A)

(B)
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Declaration and were reviewed and approved by the Committee 
on the Use of Human Subjects at Harvard University and Moi 
University College of Health Sciences Institutional Research and 
Ethics Committee.

Procedures. Each participant’s stature, body weight, waist 
circumference (at the level of the navel), and leg length (height of 
the greater trochanter while standing) were measured; age was 
self- reported. Some participants in the rural group did not know 
their exact birth date, so age in whole years was recorded for 
all participants and confirmed with school teachers. To measure 
knee cartilage thickness, a single experienced sonographer (NBH) 
conducted ultrasound imaging of each participant’s right knee 
using an L12- 4 broadband linear array ultrasound transducer 
(Philips Lumify; Philips) with the following settings: 14 MHz, 3.5- cm  
depth, 0.3- dB power, 0.5 mechanical index, and 0 thermal index. 
Following a validated protocol, participants sat upright in a chair 
with their right knee fully flexed and right foot planted on a chair 
in front of them; the transducer was then placed transversely to 
the flexed knee surface just above the upper pole of the patella 
(8). Three ultrasound images were captured of the distal femo-
ral cartilage at the site of the intercondylar notch and saved for 
later analysis. After all data were collected and prior to any data 
analyses, all image files were duplicated and the duplicates were 
assigned random identification numbers to blind the sonographer 
to the participant identity and group associated with the image. 
Cartilage thickness was measured in all deidentified images using 
ImageJ software; then measurements were reassociated with 
the participant from whom they came. The three measurements 
from each participant were averaged to calculate a single cartilage 
thickness value.

Prior to this study, we conducted a repeatability analysis, 
in which cartilage thickness measurements were performed by 
the same sonographer (NBH) on five participants on three sep-
arate days. The intraclass correlation coefficient consistency 
score calculated from these measurements was 0.98, with a 95% 
confidence interval (CI) of 0.91 to 0.99, indicating high intrarater 

repeatability. The average coefficient of variation among partici-
pants was 4%.

Statistics. A general linear model (GLM) estimated using 
weighted least squares (WLS) was used to compare growth pat-
terns of knee cartilage thickness between participants from the 
rural and urban settings. The model included average knee car-
tilage thickness as the response variable, and the focal explana-
tory variables were age and environment (rural or urban) as well 
as their interaction. To mitigate the confounding effects of body 
size variation, controls were included for leg length and sex. The 
WLS estimator allowed for separate residual variances for each 
environment and sex. To account for the possible effects of dif-
ferences in developmental growth trajectories between urban and 
rural participants, an additional analysis was conducted, in which 
the two groups were matched for leg length within 2- year age 
strata by a nearest neighbor algorithm using propensity scores 
as a distance measure. This resulted in the removal of 26 partici-
pants who could not be matched. A second GLM was estimated 
using this matched sample, with the same terms as described 
for the first model but with the addition of sampling weights 
from the matching analysis. Model assumptions were checked 
by visualizing fitted values versus standardized residuals; model 
goodness of fit was assessed using likelihood ratio tests (LRTs) 
between target models and null, intercept- only models. The sig-
nificance of individual estimates was determined through two- 
sided Wald tests with an α level of 0.05. All statistical procedures 
were performed using R software (v.3.6.1; R Core Team and the R 
Foundation for Statistical Computing).

RESULTS

Full sample characteristics for rural and urban participants are 
presented in Table 1, with participants divided into 2- year age strata 
to allow for comparisons at different ages. Across all age strata, 
rural participants had, on average, lower body masses, BMIs, and 
waist circumferences compared with urban participants. Average 

Table 1. Mean (SD) sample characteristics across different ages in rural and urban children

Age, y Group
n, male/
female

Body 
mass, kg Height, cm BMI

Waist 
circumference, cm

Leg length, 
cm

Cartilage 
thickness, mm

8- 9 Rural 5/5 23.3 (2.1) 125.4 (4.3) 14.8 (0.6) 56.9 (3.0) 65.8 (3.2) 2.94 (0.31)
Urban 5/4 27.9 (6.5) 132.1 (4.2) 15.9 (2.9) 63.4 (7.8) 68.2 (3.3) 3.05 (0.62)

10- 11 Rural 5/4 25.7 (2.0) 136.7 (13.2) 14.1 (2.5) 57.5 (3.1) 74.1 (6.6) 2.87 (0.30)
Urban 9/12 31.8 (4.3) 139.9 (7.7) 16.2 (1.5) 63.6 (4.8) 75.8 (5.6) 3.01 (0.46)

12- 13 Rural 8/14 33.6 (5.9) 145.2 (8.1) 15.9 (1.6) 64.0 (3.9) 79.0 (6.6) 2.71 (0.30)
Urban 9/12 36.3 (6.9) 148.3 (8.3) 16.4 (1.8) 66.5 (5.9) 80.0 (4.5) 2.79 (0.35)

14- 15 Rural 13/12 43.3 (6.6) 156.4 (6.7) 17.7 (2.1) 66.8 (3.9) 84.6 (4.1) 2.70 (0.38)
Urban 7/10 47.9 (6.6) 156.1 (6.3) 19.7 (2.8) 70.9 (7.5) 85.4 (4.8) 2.57 (0.45)

16- 17 Rural 7/5 49.8 (6.6) 165.8 (9.4) 18.1 (1.8) 69.7 (4.2) 90.4 (7.1) 2.67 (0.35)
Urban 8/10 52.8 (6.2) 162.5 (6.1) 20.0 (2.6) 72.3 (5.6) 89.1 (3.6) 2.31 (0.36)

All ages Rural 38/40 37.0 (10.5) 148.4 (14.9) 16.4 (2.3) 64.1 (5.7) 80.3 (9.2) 2.75 (0.35)
Urban 40/48 40.0 (10.8) 149.0 (12.0) 17.7 (2.8) 67.6 (7.0) 80.7 (7.8) 2.73 (0.50)

Abbreviation: BMI, body mass index.
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stature and leg length were lower in younger (less than 12 years 
old) rural versus urban participants, but across all ages, rural and 
urban participants had similar statures and leg lengths. In the leg 
length– matched sample (Supplementary Table 1), urban and rural 
participants had similar matched leg lengths at all ages, including 
in participants younger than age 12.

For the first GLM with the full sample, the goodness of fit 
test revealed that the target model performed better than the 
null model (LRT = 57.8, P < 0.0001). Among urban participants, 
knee cartilage thickness declined by 0.11 mm per year on average 
(t = −4.7, P < 0.0001; 95% CI 0.15- 0.06 mm), whereas among 
rural participants, it declined by only 0.047 mm per year on aver-
age (t = −2, P = 0.047; 95% CI 0.093- 0.0007). The age × area 
estimate reveals that this rate of decline was 0.06 mm greater per 
year on average among urban participants than rural participants 
(t = 2.5, P = 0.012; 95% CI 0.01- 0.10 mm) (Figure 2). Because of 
this difference in rate, the average difference in cartilage thickness 
between environments changed depending on age. Urban partic-
ipants tended to have thicker cartilage prior to age 13, but there-
after rural participants had increasingly thicker cartilage, with 16% 
thicker cartilage, on average, by ages 16 to 17 (Figure 2). Across 
ages and environments, boys had 7% greater adjusted mean car-
tilage thickness than girls (t = 3.4, P = 0.0008; 95% CI 3%- 12%). 
Leg length was not significantly associated with cartilage thick-
ness (t = 0.3, P = 0.76).

Results changed only slightly with the second GLM using 
the leg length– matched sample, which also performed better 
than a null model (LRT = 53.1, P < 0.0001). Knee cartilage thick-
ness declined by 0.11 mm per year among urban participants 

(t = −3.9, P = 0.0001; 95% CI 0.17- 0.06 mm) and by 0.06 mm 
per year among rural participants (t = −2.3, P = 0.022; 95% CI 
0.1- 0.007 mm). The age × area estimate still showed that the rate 
of decline was greater among urban participants than rural partic-
ipants (average 0.05 mm/year difference, t = 2.3, P = 0.025; 95% 
CI 0.01- 0.10 mm). Again, urban participants had thicker cartilage 
before age 13, and rural participants had thicker cartilage there-
after. In this model, boys had 8% greater adjusted mean cartilage 
thickness than girls (t = 3.4, P = 0.0004; 95% CI 4%- 13%), and 
leg length was not significantly associated with cartilage thickness 
(t = 0.4, P = 0.72).

DISCUSSION

This study investigated knee cartilage thickness over the 
course of childhood and adolescence in cross- sectional samples 
of rural and urban Kenyans from groups previously demonstrated 
to differ in physical activity levels. Our results indicate that among 
both rural and urban individuals, cartilage thickness declines with 
age, as has been found in ultrasound- based studies of youths in 
other countries (9,10). However, the degree of age- related carti-
lage thinning was greater in the less physically active, urban group 
than the more physically active, rural group. These results sup-
port the hypothesis that reduced physical activity associated with 
urbanization can impair knee cartilage development during youth 
and thus increase the probability that individuals enter adulthood 
with thinner cartilage that is biomechanically vulnerable. Follow-
ing findings from developed countries (5), we expect that urban 
individuals entering adulthood with thinner baseline knee cartilage 
will have a greater risk of knee OA later in life than rural individuals 
with thicker knee cartilage. Because this cross- sectional study of 
children and adolescents cannot directly test this hypothesis, fur-
ther research is necessary to determine whether cartilage growth 
differences like those documented here affect relative OA suscep-
tibility in societies undergoing urbanization.

Although urbanization affects many aspects of lifestyle, 
several lines of evidence suggest that physical activity is the fac-
tor most likely to have driven the greater age- related cartilage 
thinning among the urban compared with rural Kenyan youths 
(6). First, experiments with animal models demonstrate the impor-
tance of physical activity for attaining optimal knee cartilage struc-
ture. For example, prolonged periods of limb immobilization have 
been shown to lead to thinner knee cartilage (11), and daily run-
ning by young animals has been shown to augment knee cartilage 
thickness (12). Second, two studies of people from a developed 
country (Australia) indicate that high levels of physical activity while 
young promote the growth of thicker knee articular cartilage: 
Antony et al (4) found that childhood physical performance meas-
urements were correlated with knee cartilage volume 25 years 
later in adulthood, and Jones et al (3) found a positive association 
between intensity of athletic activity and knee articular cartilage 
volume accrual over the course of 1.6 years among adolescents. 

Figure 2. Cartilage thickness in urban and rural participants. 
Data points represent individual participants, and lines indicate 
associations between age and cartilage thickness within rural and 
urban groups, controlling for sex and leg length. Shading represents 
95% confidence intervals. F, female; M, male.
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Although the results of the latter study superficially appear to differ 
from those of this study in showing increases in knee cartilage 
during adolescence, this discrepancy is almost certainly because 
Jones et al could differentiate growing, uncalcified knee articu-
lar cartilage from underlying ossifying cartilage in magnetic reso-
nance images (MRIs). The ultrasound protocol used in our study 
precluded us from distinguishing between these two types of 
cartilage, but the relatively slower rate of cartilage thinning exhib-
ited by the rural Kenyan group in this study can be interpreted 
as indicating greater articular cartilage thickening during growth 
when compared with the urban group. Thus, the results of this 
study are generally concordant with these prior studies (3,4) and 
build on their findings by providing a natural test of the hypoth-
esis that physical activity while young is related to knee articular 
cartilage growth among geographically close but behaviorally dis-
tinct groups. Additionally, our findings highlight the potential impli-
cations of this relationship for developing countries, where shifts 
from rural subsistence farming to urban, market- integrated econ-
omies are leading to reduced physical activity levels.

Although physical activity appears to be the most conspic-
uous candidate for the cause of differences in knee cartilage 
growth between the two groups in this study, in many developing 
countries the urbanization- related lifestyle change that has had 
the greatest health consequences is the shift toward obesogenic 
diets (13). Among adults, such dietary changes have been hypoth-
esized to increase knee OA risk by promoting adiposity- induced 
chronic low- grade systemic inflammation (2). Among children and 
adolescents, however, it is unclear whether or how obesogenic 
diets might impair knee cartilage growth. In developed countries, 
obesity has been found to be a poor predictor of knee carti-
lage thickness during youth (3). In this study, obesity was nearly 
absent in both the rural and urban groups, although individuals 
in the urban group tended to have higher BMIs and larger waist 
circumferences.

Another consideration that requires future study is that 
youths in the rural group in this study are frequently barefoot, 
whereas individuals in the urban group regularly wear shoes (ver-
ified by observation and interviews with teachers at the schools). 
This difference is noteworthy because barefoot walking has been 
shown to generate more rapid ground reaction force spikes at foot 
contact in these groups than shod walking (14), and it is widely 
believed that activities that expose knees to repetitive impacts 
characterized by high rates of loading can be harmful to knee car-
tilage (15). For this reason, shoes with cushioned soles are com-
monly recommended to help reduce pain associated with OA and 
delay disease progression (16). However, our finding that regu-
larly barefoot individuals seemed to exhibit more healthy cartilage 
growth indicates that additional work is needed to assess the rela-
tionship between footwear cushioning and knee cartilage health.

This study has several limitations. First, although our data indi-
cate that urbanization can negatively influence knee cartilage devel-
opment, this study lacked individual- level data on physical activity, 

diet, and other lifestyle variables, limiting our ability to tease apart 
pathways linking urbanization and cartilage thickness. Second, 
disparities in nutrition and energy availability may have affected 
cartilage growth rates in rural versus urban participants in a way 
similar to how they affect overall skeletal growth. However, our leg 
length– matched GLM statistically controlled for growth differences 
between groups and still found a significant difference in cartilage 
development between urban and rural participants. Third, to collect 
data from individuals in a remote region of Kenya, we used ultra-
sonography to measure knee cartilage thickness rather than MRI, 
thus limiting our ability to assess uncalcified articular cartilage and 
underlying calcified cartilage separately. We were also unable to 
examine features of cartilage composition, such as collagen net-
works and proteoglycan content, that are major determinants of 
the mechanical properties of cartilage. Even so, the data reported 
here merit attention by rheumatological researchers and health 
care providers because individuals in developing countries under-
going rapid lifestyle changes make up a large fraction of the global 
population and may have a heightened vulnerability to knee OA (2).
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