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Physical activity (PA) enhances bone mass, bone structure and muscle strength, traits associated with low fall and fracture risk. Therefore PA has been suggested as a strategy to improve musculoskeletal health in the population to decrease the incidence of one of the largest and most costly health problems in the world, osteoporosis and related fractures. Since the greatest effect of PA on musculoskeletal health occurs during childhood, and since there is no clinically useful way of knowing who will develop osteoporosis later in life, increased PA for all children could be a strategy to decrease osteoporosis in the population of future generations. Speaking of future generations, since PA may also influence brain development, cognition and concentration, it has been postulated that physical activity may enhance academic performance. Since the proportion of Swedish children who finish the 9th and final year of compulsory school without eligibility for upper secondary school programs has increased during recent decades, increased PA in school could also be a strategy to reverse this negative trend. Previous prospective pediatric PA intervention studies are short-term, use specific training programs and only use surrogate endpoints both for fractures and academic performance. The Pediatric Osteoporosis Prevention (POP) study is a population-based prospective controlled exercise intervention study, designed to evaluate the effect of PA on musculoskeletal development, fracture risk and academic performance in children. This thesis presents the outcome after 7–9 years of the program. 
In the POP study, one school was chosen as intervention school and three other schools in the same area with the same socioeconomic background were chosen as control schools. In the intervention school we increased the amount of physical education (PE) per week from the Swedish standard of 60 minutes to 200 minutes, given as one lesson of 40 minutes for each of the five school days per week. Meanwhile, the control schools continued with 60 minutes of PE per school week.
We included all children (aged 6–8 years) who started first grade in these schools from 1998 to 2012 and followed them for seven years regarding fractures, using our digital radiographic archive (cohort A – 3,534 children). Children starting school between 1998 and 2000 were invited to annual lifestyle and musculoskeletal evaluations during seven years, using questionnaire for lifestyle factors, dual-energy X-ray absorptiometry (DXA) for bone parameters such as areal bone mineral density (aBMD), peripheral quantitative computed tomography (pQCT) for bone structure such as cortical thickness, polar strength strain index (SSI) and cortical bone mineral mass distribution in several tibial sites, and computerized dynamometer (Biodex) for muscle strength (evaluated by isokinetic peak torque) (cohort B – 261 to 264 children depending on evaluated trait). To evaluate academic performance, we included all children who finished 9th grade from 2003 to 2012 in all of Sweden (cohort C – 1,161,807 children) and in the intervention school (cohort D – 633 children) and evaluated grade scores and eligibility for upper secondary school programs in both cohorts. We could thus compare the academic results within and between the schools before the intervention was initiated (finished school in year 2003 to 2006) and with the intervention (finished school in year 2007 to 2012).
The incidence rate ratio (IRR) of fractures in the intervention group compared to the control group decreased with each year of the intervention (r=–0.79; p=0.036) and during the seventh year it was almost halved (IRR 0.52 95% CI 0.27, 1.01). Girls in the intervention group gained more spine aBMD during the seven-year study period (p<0.05) and had higher cortical thickness (p<0.05) and greater SSI (p<0.05) at the 66% tibia site after seven years intervention than girls in the control group. In girls in the intervention group these enhancements were accompanied by greater mineral mass in the lateral, anterior-medial and medial sectors of the tibia both at the 66% and the 38% sites (p ranging from <0.05 to <0.001) than controls. We found no skeletal differences between intervention and control boys. Both girls and boys in the intervention group gained more muscle strength than their respective control group (p ranging from <0.05 to <0.01). With the intervention, the proportion of boys eligible for upper secondary school increased by 7.3 (1.4, 13.2) percentage points (pp) and the overall grade points increased by 13.3 (3.1, 23.5) points among boys. This resulted in both higher eligibility rate (+8.3 pp) and higher overall grade points (+12.6 points) in the intervention school compared to all other Swedish boys. Among girls, the academic school performance did not change with the intervention. 
This thesis concludes that a long-term PA intervention program initiated in pre-pubertal children reduces the fracture risk with each year of intervention, and improves skeletal traits in girls, muscle strength in both genders and academic performance in boys. 
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aBMD		Areal bone mineral density (g/cm2)
ANCOVA 		Analysis of covariance
BMC 		Bone mineral content (g)
BMD		Bone mineral density (g/cm2)
BMI		Body mass index (kg/m2)
CI		Confidence interval
CV		Coefficient of variation (%)
DPA		Dual-photon absorptiometry
DXA		Dual-energy X-ray absorptiometry
Ex		Extension
Fl		Flexion
FN		Femoral neck
IRR		Incidence rate ratio
LS		Lumbar spine
PA		Physical activity
PBM		Peak bone mass
PE		Physical education
POP		Pediatric Osteoporosis Prevention (study)
pQCT		Peripheral quantitative computed tomography
RCT		Randomized controlled trial
SD		Standard deviation
SPA		Single-photon absorptiometry
SSI		Polar strength strain index
TB		Total body
vBMD		Volumetric bone mineral density (g/cm3)
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Accuracy		In this context means how well a measured value corresponds to the true value
Concentric contraction	A contraction during shortening of the muscle
Eccentric contraction	A contraction during lengthening of the muscle
Exercise		Physical activity that is planned, structured with repetitive bodily movement performed to improve or maintain one or more components of physical fitness
Isokinetic	Movement at a constant angular velocity around the axis of rotation
Isometric contraction	A contraction during which the muscle length remains unchanged
Muscle strength	The amount of force that can be produced by a muscle in a single contraction
Peak torque	Maximum force applied around a pivot point
Physical activity	Any bodily movement produced by the contraction of skeletal muscles that result in energy expenditure
Polar distribution	Subdivision of the cortex into sectors around its center of mass with the average bone mass estimated for each sector
Pre-pubertal children 	Children in Tanner stage 1 or 2
Radial distribution	Subdivision of the cortex into concentric rings with the average bone density estimated for each ring 
Reliability	Refers to the consistency of measurements
Validity	The extent to which an instrument or method actually measures what it is intended to measure
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Introduction
[bookmark: _Toc338848457]Fractures
The rising number of fractures in elderly is a large health problem worldwide, especially in populations with a high incidence of osteoporosis1. Fractures result in individual disability, non-autonomy, and death2,3 and large costs for society4. With the projected increase in life expectancy, especially in developing countries1, the problem of fractures in elderly will grow even bigger in the future5,6. In Sweden, the lifetime risk of sustaining an osteoporosis-related fracture is roughly 50% for women and 25% for men, one of the highest incidences in the world7,8. Furthermore, it has recently been shown that the distal forearm fracture rate in children is currently 50% higher than in the 1950s, and it still appears to be increasing9. So, how can we prevent fractures? Well, there are several risk factors for fractures that could be addressed. One, of course, is low bone mass, which is the cornerstone of the osteoporosis diagnosis. Other important risk factors are low muscle strength, susceptibility to falls, benzodiazepines, other psychotropic drugs and impaired vision10. Body mass index (BMI) has long been considered a protective factor for fracture risk in adults11, especially for hip fractures, but recent research has shown that BMI also acts as a risk factor for proximal humerus fractures12.
Fractures are also a great problem in magnitude during childhood, since 10–25% of all pediatric injuries include fractures13 and close to half of all boys and around one third of all girls will sustain a fracture during growth14,15. Pediatric fracture incidence has also been shown with time trends, indicating that there has been an increase in fracture risk from 1998 to 200716 (Figure 1). 


Figure 1. Pediatric fracture incidence from 1993 to 200716.

Fracture risk in children peaks during early puberty, possibly due to high bone turnover, with a large gain in bone size but slower bone mineral accrual, temporarily leaving the bone more fragile17. The most common fracture sites in children and adolescents are the distal forearm, followed by the hand14. Some risk factors for fracture in children are the same as for elderly, e.g. low bone mass18 and low muscle strength19, while others are prevalent only in children, e.g. vigorous physical activity20.
With this in mind, any intervention or treatment leading to a decreased number of fractures mediated through increased bone mass, bone strength, muscle strength or other factors should be of profound interest both now and in the future.
[bookmark: _Toc338848458]

Skeleton
[bookmark: _Toc338848459]Physiology
Bone is a tissue with vascularization and innervation that constantly remodels to adapt to the needs of the skeleton. The hard building block of the skeleton consists of the hydroxyapatite molecule, Ca5(PO4)3(OH)2, while the triple helix protein of collagen type 1 together with several glucosaminoglycans make up the extracellular matrix that surrounds the cellular components of the bone. There are three main types of bone cells, osteoblasts, osteoclasts and osteocytes. They work in units called basic multicellular units (BMU), where the osteoblasts produce new bone and the osteoclasts resorb bone21. The third cell type, the osteocytes, are embedded in bone matrix during new bone formation, connected to each other with long dendrites and make up roughly 90% of all skeletal cells in adults22. The function of osteocytes is not completely understood, but they are believed to be mechanosensible, capable of transducting mechanical stimuli to a biological response in bone23. The mechanosensible process has been postulated to be regulated by cilia, projected from the cell surface, allowing the dynamic fluid flow created by movement to affect the cilia and thereby altering the cellular activity24.
There are two types of bone tissue: compact (cortical) and cancellous (spongy) bone. In compact bone, the bone matrix and osteocytes are histologically organized in onion-shaped rings called osteons with a central canal, called the Haversian canal, containing blood vessels, lymphatic tissue and sometimes nerves. Osteocytes lie in small cavities, called lacunae, and are connected to each other by small tunnels called canaliculi21 (Figure 2). In compact bone, the Haversian systems are packed tightly together, almost as a solid mass while the cancellous bone is lighter and less dense. Cancellous bone consists of plates (trabeculae) and bars of bone adjacent to small, irregular cavities that contain red bone marrow. The canaliculi connect to the adjacent cavities, instead of a central Haversian canal, to receive their blood supply.


Figure 2. The anatomy of bone tissue25.
[image: ]
The bones of the body come in a variety of sizes and shapes. The four principal types of bones are long, short, flat and irregular. Long bones consist of a long shaft (diaphysis) with two bulky ends (epiphysis). They are primarily compact bone but may have a large amount of cancellous bone in the epiphysis (Figure 3). Long bones include bones of the thigh, leg, arm, and forearm. Short bones are roughly cube shaped and consist primarily of spongy bone, which is covered by a thin layer of compact bone. The bones of the wrist and ankle are short bones. Flat bones are thin, flattened, and usually curved, and the cranium consists primarily of flat bones. Bones that are not in any of the above three categories are classified as irregular bones. They are primarily spongy bone that is covered with a thin layer of compact bone, e.g. the vertebrae.


Figure 3. The anatomy of a long bone.
[image: ]
There are two types of metabolic processes in bone tissue, bone modeling and bone remodeling. Bone modeling is when the metabolism changes the shape and size of the skeleton and takes place during growth, but can also be seen later in life in response to mechanical loading or during fracture repair. Bone remodeling is when old bone is substituted for new bone without changing the shape and size of the bone and is an ongoing process in adult life26, replacing approximately 25% of the cancellous bone and 3% of the cortical bone each year27.
Protection is one of several main functions of the skeleton. Some bones, such as the rib cage and skull, protect vital organs from injury, while others, such as the femur, protect the bone marrow. Another main function of the skeleton is mechanical support, whereby bones provide a framework for the attachment of muscles and other tissues. Within this framework, some bones act as levers enabling movement as a result of muscle contraction. Storing calcium is yet another purpose of bone. The calcium levels are of most importance for the bone-building capacity and are closely linked to the parathyroid hormone (PTH), calcitonin and vitamin D levels. PTH increases the blood calcium levels by increasing bone resorption (through increased osteoclastic activity) and also increases reabsorption of calcium in the kidneys. Calcitonin counteracts these effects. PTH also increases the enzymatic activation of vitamin D in the kidneys, which increases calcium absorption from the intestines, tubular reabsorption in the kidneys and skeletal calcium release28. This means that over-production of PTH in the parathyroid glands leads to elevated bone remodeling and thereby decalcification of the skeleton, while elevated calcium levels in the blood have the opposite effect29. Vitamin D is essential for calcium uptake in the intestines and calcium resorption from bone and it increases both the osteoblastic and ostoclastic activity, leaving the skeleton intact30. Vitamin D is converted from 7-dehydrocholesterol to metabolically active vitamin D3 (cholecalciferol) when our skin is exposed to sunlight and it can also be ingested. Since vitamin D has a positive effect on bone and also seems to have a direct effect on skeletal muscle to reduce the risk of falling, at least in elderly people, vitamin D may have the potential to reduce fracture risk31.
[bookmark: _Toc338848460]Growth, peak and decline
Growth hormone (GH) and Insulin-like Growth Factor-1 (IGF-1) stimulate the differentiation and proliferation of osteoblasts and are thereby the two main regulators of gains in bone mineral content (BMC) before puberty32. Up until puberty the gain in BMC is linear in both girls and boys33. At puberty the levels of sex steroids increase, raising the levels of GH and IGF-1, and all three of these hormones have an anabolic effect on bone and muscle tissue34. Girls hit their peak velocity of growth about 1.5 years earlier than boys (mean age of 11.8 in girls and 13.4 in boys) and about one year later peak bone mineral accrual occurs35. During the two years around peak bone mineral accrual, approximately 25% of an individual’s bone mineral is achieved, a similar amount is later lost during the 50–60 years of life remaining after peak bone mass35,36. Hence, puberty is an important period in life when it comes to bone growth, probably as a result of the skeleton being maximally responsive to stimuli during periods with fast skeletal apposition37. During puberty the possibility to influence the skeleton is therefore greater, both in a positive way with physical activity8,38 and in a negative way through malnutrition39.
Peak bone mass (PBM) is the highest bone mass a person reaches during lifetime, and is usually reached in the early twenties and varies depending on gender, genetic background and skeletal region40, being as early as age 17–18 years in the hip41 and as late as age 40 in the distal forearm42. Genetic factors regulate 50–85% of the variance in PBM43, but other factors such as energy intake, protein intake, calcium intake and level of physical activity contribute as well44,45.
After PBM, the skeleton gets weaker with age42, resulting in an exponentially increased fracture risk46,47, and when a certain point in this skeletal deterioration is reached we call it “osteoporosis”. Since low bone mineral density is associated with fracture risk independent of trauma level and therefore an important factor48, this point has been defined by the World Health Organization, (WHO), as 2.5 or more standard deviations (SD) lower BMD (bone mineral density) than the mean value of young healthy adults of the same gender, also referred to as T-score –2.5 (Table 1). Since bone fragility and greatly increased fracture risk is the major clinical manifestation, osteoporosis is also “a systemic skeletal disorder characterized by low bone mass and micro-architectural deterioration of bone tissue” according to WHO49. Primary osteoporosis is the result of aging, menopause and/or lifestyle factors without any underlying disease, while secondary osteoporosis is, at least partly, due to an underlying disease50.
PBM has been suggested as the single most important factor in the development of osteoporosis40,51, and since a 10% increase in PBM is predicted to delay development of osteoporosis by 13 years51 and up to half of the variance in bone mass at age 70 is estimated to be predicted by PBM52, this does not seem farfetched. 
Table 1. The WHO definition of osteoporosis by use of T-score 49.

	Stage
	Definition

	Normal bone mineral density
	BMD T-score above –1 SD

	Osteopenia
	BMD T-score –1 to –2.5 SD

	Osteoporosis
Severe osteoporosis
	BMD T-score < –2.5 SD
Osteoporosis and at least one fracture related to osteoporosis


T-score refers to the number of standard deviations (SD) below or above the mean value of young health adults of the same gender
[bookmark: _Toc338848461]Bone strength
Bone strength or the resistance to mechanical failure sets the bar for “the force required to produce mechanical failure under a specific loading condition”53 and depends on both the mechanical and structural properties of the bone54. But what is mechanical failure? 
When a force is applied to a bone it is absorbed and stored in the bone through bone deformation. A force lower than the yield point of the bone will not change the original shape of the bone after the release of the force. Any force greater than the yield force will cause micro damage and deformation. Further increase of the force will eventually reach the breaking point of the bone, causing a fracture, that is, separating the bone into two or more fragments. There are several properties of the bone that influence bone strength, such as bone geometry, trabecular and cortical architecture, degree of mineralization and bone turnover. Skeletal architecture, geometry and size contribute to the skeletal resistance to loading independently of BMD42,55, clinically illustrated by the fact that women with femoral neck fractures have smaller femoral neck but normal vertebral size compared to controls, and women with spine fractures have smaller vertebrae but normal femoral neck size compared to controls55,56. 
Loading of the long bones is normally axial or bending compression. Compression is the shortening of the bone as an axial force acts upon it. Tension gives a lengthening of a bone, hence when a bending force acts on bone it will be compressed on one side while tension acts on the other side. This can induce localized cortical bone adaptations to resist fractures at sites subjected to the greatest loads57. The mass and density of cortical bone varies across its cross-section and along its axial length, and inter-individual differences likely reflect adaptations that occur in response to increased (or decreased) loading58,59. During growth, bone modeling is the primary factor associated with exercise-induced changes in cortical bone geometry and mass distribution around the center of mass or neutral axis (polar distribution)60. In contrast, any variation in cortical density and its circumferential distribution (radial distribution) are likely to be related to changes in intra-cortical remodeling that alter the porosity and/or mineralization of bone61,62.
[bookmark: _Toc338848462]Risk factors
The most important risk factor for osteoporosis is natural aging, an unalterable risk factor that over time leads to an increasing fracture risk independent of the level of BMD. Other similar risk factors are gender, ethnicity and age at menopause, all of which are also risk factors for fracture and falls. Since hereditary and lifestyle factors influence the level of BMD, several other risk factors have been found through research within these areas, including genetic variance that explains the disease63,64 and also modifiable risk factors such as low body mass, smoking, alcohol consumption, inferior nutrition, physical inactivity, cortisone treatment, low sun exposure, vitamin D deficiency and inadequate calcium consumption. 
[bookmark: _Toc338848463]Measurements
Bone mass is an unscientific term, generally meaning an estimation of bone mineral, either BMC or BMD. BMC is the amount of mineral (g) measured within a scanned skeletal region, BMD, from here on referred to as areal BMD (aBMD), is the amount of mineral partially adjusted for bone size (g/cm2) through a defined scanned area and volumetric BMD (vBMD) (g/cm3) takes length, width and depth into account when estimating bone density. aBMD is clinically used as it is a reasonable predictor of fragility fracture in adults65, while BMC and bone size should be reported separately in children since their bones constantly increase in size66. For example, an increase in bone size with unchanged amount of mineral would result in an unchanged BMC while aBMD would decrease. When the accrual of mineral and gain in bone size are similar, the BMC increases and the aBMD remains unchanged. Only when the relative accrual of mineral is greater than the gain in bone size does the aBMD increase. 
Most methods for estimating the mineralization of bone use ionizing radiation while others are non-ionizing (Table 2). Magnetic Resonance Imaging (MRI) and ultrasound are examples of non-ionizing methods. The techniques utilizing ionizing radiation depend on either gamma radiation or X-rays67 but all use the amount of ionizing radiation absorbed by the bone to estimate the amount of mineral. Dual-energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) are the most common techniques in this group today.
Table 2. Examples of methods for measuring bone mineral. 

	Non-Ionizing
	Ionizing

	
	Gamma Radiation
	X-ray


	Quantitative Ultrasound
(QUS)
	Single Photon Absorptiometry (SPA)
	Single X-ray absorptiometry
(SXA)

	Magnetic Resonance Imaging (MRI)
	Dual Photon Absorptiometry (DPA)
	Dual-Energy X-ray Absorptiometry (DXA)

	
	
	Peripheral Computed Tomography (pQCT)





Dual-energy X-ray absorptiometry (DXA)
DXA (Figure 4) uses an X-ray generator as radiation source and a filter to send out two different energy levels68. By measuring the radiation on the other side of the individual, using a detector, the absorbed radiation and the bone, muscle and fat mass can be calculated in this two-dimensional image. DXA has been available since 1987 and has replaced previous techniques, such as single photon absorptiometry (SPA), dual photon absorptiometry (DPA) and single X-ray absorptiometry (SXA). DXA is considered the “gold standard” for the diagnosis of osteoporosis and is the most frequently used method in osteoporosis research69,70. DXA can measure any body part and uses a relatively low radiation dose (1–8 µSv), which corresponds to 1/1000 of the yearly background radiation dose71. The accuracy of DXA is about 10% (measuring a vertebra)72 and the precision of the technique is 0.5–2%73.
Figure 4. Dual energy X-ray absorptiometry (DXA) scanner. Photo by Nick Smith photography (ALSPAC). 
[image: ]


Peripheral quantitative computed tomography (pQCT)
Quantitative computed tomography (Figure 5) uses a higher radiation dose than DXA71. In children, only peripheral images, usually at the tibia or radius, are acceptable, as the radiation dose in these parts remains under 10 µSv71,74. This technique creates a virtual three-dimensional image, enabling visualization of the microarchitecture and distribution of bone and soft tissue. This also enables calculation of bone parameters such as mineral mass, vBMD, cortical thickness and strength strain index (SSI), supplying even more information regarding bone strength and resistance to fracture.
Figure 5. A peripheral quantitative computed tomography (pQCT) apparatus, (XCT 2000 Stratec® Pforzheim).
[image: ]
[bookmark: _Toc338848464]

Muscle
[bookmark: _Toc338848465]Physiology
Muscular tissue is built from muscle fibers, where each fiber contains thousands of thin strands, called myofibrils. Two overlapping protein filaments, actin and myosin, constitute myofibrils, and it is the interaction between actin and myosin that produces muscular contraction75 (Figure 6). Each muscle fiber is innervated by a single motor neuron, but each neuron can innervate thousands of muscle fibers. The fiber size increases 5–10-fold during growth, probably depending on workload76. There are two types of muscle fibers, type I and type II. Type I fibers are slow-twitch, use aerobic metabolism, where PA leads to energy expenditure and hydrolysis of adenosine triphosphate (ATP), and are dependent on the supply of creatine phosphorus (CK)75,77. Type II fibers are fast-twitch, are only in use during strenuous or very rapid activation, use anaerobic metabolism generating less energy and more lactate than type I fibers, and are dependent on oxygen access in the mitochondria77,78. Genetics largely determines the distribution of the two muscle fiber types, and conversion between type I and type II fibers is rare79.
Figure 6. The anatomy of a muscle fiber. 
[image: ]


There are three types of muscle contractions, concentric, eccentric and isometric. Concentric contraction is a contraction during shortening of the muscle, eccentric contraction is a contraction during elongation of the muscle and isometric contraction is a contraction during which the muscle maintains its length. During any motion all three types of contractions usually occur simultaneously in different muscle groups80.
[bookmark: _Toc338848466]Muscle strength
Defined as “the amount of force that can be produced by a muscle in a single contraction”, muscle strength reflects the tension created when actin slides past myosin filaments within the muscle fibrils80. In children, muscle strength is associated with age, height and/or body stature, weight, gender and sexual maturity81,82. Before puberty, muscle strength seems to increase in a linear fashion without associated muscle hypertrophy, while resistance training and gains in muscle strength are associated with muscular hypertrophy in adolescent boys83. In other words, in early childhood optimized neuromuscular function seems to be the mechanism behind exercise-induced increase in muscle strength, while hypertrophy becomes a factor during adolescence.
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A common way to measure muscle strength is by the use of isokinetic dynamometers in knee extension and flexion, measuring the highest peak torque in the quadriceps muscles (extension) and the hamstrings muscles (flexion) at the strongest point during the movement around the axis of rotation84. There is however a need for further research to determine the validity of this much-used method in children85. Another method with high specificity is to utilize standardized weights during isotonic strength measurement, but this method is limited as it measures the maximum strength at the weakest point in the motion range86.
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Academic School Performance
[bookmark: _Toc338848469]Physiology
The brain and the spinal cord constitute the central nervous system (CNS). Together with the peripheral nervous system (PNS) it can relay information to and from the brain to different parts of the body, thus allowing movement and sensory input. The brain is the body’s control center, constantly receiving and interpreting nerve signals from the body, and it responds based on this information87. The largest part of the brain, the cerebrum, is divided into two hemispheres, where the right hemisphere controls the left side of the body and the left hemisphere controls the right side of the body. The outer surface of the cerebrum is called the cerebral cortex or gray matter. It is the area of the brain where nerve cells (neurons) make connections, called synapses. Neurons might not be replaced or repaired if they are damaged. The inner area of the cerebrum, called the white matter, contains the insulated (myelinated) bodies of the nerve cells (axons) that relay information between the brain and spinal cord (Figure 7). 
Figure 7. Cross section visualisation of the brain, with its gray (cortex) and white matter. Figure by NIH Medline. 
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The cerebrum is further divided into 4 sections on each side, called the frontal, parietal, temporal and occipital lobes (Figure 8). The frontal lobe is thought to control movement, speech, behavior, memory, emotions and intellectual functioning, such as thought processes, reasoning, problem solving, decision making and planning. The parietal lobes on the other hand seem to control sensations, such as touch, pressure, pain and temperature, and also spatial orientation (understanding of size, shape and direction). The temporal lobes are responsible for hearing, memory and emotions and the left temporal lobe also most often controls the speech. Vision has been found to be represented mainly in the occipital lobes87.
Figure 8. The lobes of the brain. 
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Concentration is an overall control of thoughts and actions through focus, endurance and attention of the mind88,89. Learning ability is closely connected to concentration, and neither has a specific anatomical location in the brain or body. Several factors have been postulated to affect concentration and academic performance, such as the support and availability of the parents, socio-economic level, parental education and PA90-92. During recent decades there has been a trend of decreasing school results in several western countries93 and therefore it should be considered an international issue.
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The most common way to evaluate academic performance is through grades or grade point average (GPA). Within this system, different countries use different grading systems, some use numbers (e.g. 1–6) and others use letters (e.g. A–F)94. In Sweden there have been several different grading systems in use just during the last century. From 1897 to 1962 there was a seven-step grading system utilizing capital and small letters from a to c, either as single letters and as combinations. Then there was a five-step system using the numbers 1 to 5. In 1994, Sweden changed to a four-step system including the grades; Failed (0 points), Passed (10 points), Passed with Distinction (15 points) and Passed with Special Distinction (20 points), as a combined name- and points-system. Finally, in 2013 Sweden switched back to a letter-based grading system, this time running from A to F in six steps95.
Another measurement for academic performance on a general level is the proportion of children with eligibility for upper secondary school programs. To qualify for national upper secondary school programs in Sweden the grade Passed in each of the subjects Swedish, English and Mathematics was required from 1994–2012. During recent decades the proportion of Swedish children who finished the 9th and final year of the compulsory school with eligibility for upper secondary school programs has decreased96,97. The proportion of eligible students was only 86% in 2015, the lowest proportion since 199896. The decrease is a paradox since researchers claim that 100% of Swedish pupils have the potential and capacity to reach the goals for a pass grade in all school subjects98.
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Physical activity
The most commonly used definition of physical activity is “any bodily movement produced by the contraction of muscle that results in energy expenditure”99. Over millions of years, humans, like most other animals, have adapted to survive in an environment where our survival is dependent on our ability to move. Lack of movement, or physical activity, has been associated with diseases and early death100-103. Technical advances, such as transportation, large food supplies and computers decrease our need to be physically active, resulting in increasingly sedentary lives. 
Measuring or estimating physical activity with accuracy is difficult. The most commonly used method is self-report by various questionnaires104,105 with the obvious limitation of subjectivity but with the advantage of low-cost and ease to administer. Doubly labeled water (DLW), heart rate monitors (HRM), pedometers and accelerometers are all objective measurements but have different limitations including high cost and no information about intensity, duration or frequency for the DLW106, influence of emotional stress, body size, temperature, age and fitness level for HRM107, no information about intensity and duration for pedometers108 and lack of registration in water and with activities without relative positional change, such as cycling, for accelerometers. 
During recent decades there has been a reduction in physical education (PE) in school in favor of academic subjects109. In Sweden PE has been reduced from 20% to 7.5% during the most recent three decades110. Also, only six out of 28 countries in Europe offered at least 180 min/week of PE in school111. PA pattern during adulthood, however, seems moderately reflected by PA behavior during childhood112-114, providing arguments enough for increased level of PA in children. 
[bookmark: _Toc338848472]Falls and Fractures
Several fall-prevention programs have shown a fall-reductive effect in randomized controlled trials (RCT)115-118, including programs with different approaches such as physical exercise, home hazard modifications, adjustment of psychotropic medication, modification of multi-pharmacy and anti-slip shoe devices. Falls account for about 15% of vertebral fractures and 90% of hip fractures119 and fall-preventive interventions should therefore be provided in a structured approach to the elderly, especially high-risk groups, to reduce the number of falls and fallers120. Many guidelines suggest that all women above 65 years should be screened for osteoporosis, using DXA, the fracture risk assessment tool FRAX® or both, to detect individuals at high risk of sustaining a fragility fracture, in order to treat osteoporosis with bisphosphonates or other antiresorptive agents121,122. If presenting one or more risk factors, women should be screened at a younger age123, while the benefits of screening men are still debated123,124.
Movement increases the risk of falling and sustaining injuries. During childhood the appendicular skeleton initially grows rapidly while BMC lags behind, resulting in a relative increase in skeleton size compared to mineralization, rendering a reduction in aBMD. This means a temporarily more fragile skeleton, with the peak in childhood fracture risk at age 11 in girls and age 14 in boys14,125. Since coordination usually is less developed during this period, increased movement or exercise could result in increased fracture risk20. Most studies investigating the long-term effect of exercise during youth or adult life indicate improved bone mass, structure and resistance to fracture126, leaving an open debate between increased short-term fracture risk and long-term musculoskeletal benefits. 
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In 1987, Dr. Harold Frost proposed the idea that bone adapts to the mechanical stress it is exposed to127. The notion that the effects of exercise on bone are age- and maturity-dependent, where the late pre- and early pubertal years (Tanner stage 2 and 3) seem to be a “window of opportunity” to influence bone at a maximum level through PA38,128, is supported by several RCTs and non-randomized controlled exercise interventions (Table 3), and the skeletal response to exercise is smaller in adults than in children and adolescents. To produce the most pronounced skeletal response, the load of the exercise should be fast, dynamic, high in magnitude with unusual or abnormal strains and intermittent resting periods included between sessions129,130, such as weight lifting, tennis, hockey and soccer131. Smaller effects have been observed in long-distance runners132,133 whereas no or minimal effects have been shown in endurance sports without weight bearing, such as swimming and cycling133. It has also been shown that the skeletal response to exercise is regional and site-specific37,134. Muscles are responsible for a large portion of the load and strains on bone, and it has been demonstrated that the increase in bone parameters during growth and in response to exercise is to a large extent mediated through muscle tissue135, even though muscle area could explain only 12–16% of the variance in bone mass, size and bending strength136.
Several studies have shown that exercise-induced skeletal benefits during growth remain in adulthood137,138, even after reduction or even discontinuation of sports activities139. This highlights that exercise during growth may either lay the foundation for a physically active lifestyle or result in skeletal benefits that are retained in older ages112-114.
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PA does not only stimulate cross-sectional growth of the muscle fibers, mitochondrial biogenesis, synthesis of oxidative enzymes and excitation-contraction coupling improvements, but also stimulates increased recruitment of muscle units, neoangiogenesis and coordination benefits140. In line with the type I fibers using aerobic metabolism and type II fibers using anaerobic metabolism, endurance training with multiple repetition with low loads improves the type I fibers through increased mitochondrial oxidative chain capacity, whereas resistance training with low repetition frequency and increased loads has a greater impact on type II fibers and muscle strength through muscle cross-section hypertrophy141-143. Hence, there are benefits to both training modalities, and the aim and genetic potential of the individual determines the best individual exercise program.
While several studies have reported a marked increase in the effect of training on muscle mass in males compared to females during late puberty, most probably due to androgen effects on protein synthesis144,145, a meta-analysis evaluating the effects of resistance training on muscle strength in children and adolescents showed that the possibility to gain muscle strength seems to increase with maturation and age, but without a clear boost during puberty146. Whether there is a “window of opportunity” to gain muscle strength during puberty is therefore still debated.
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High level of PA has been associated with better intellectual performance91,92. Some studies infer that PA may have direct positive effects on the nervous system by increasing brain volume, blood flow to the brain, synaptic plasticity, as well as promoting formation of nerve cells, all involved in different aspects of perception, cognition, memory and attention147-150. Other studies suggest that PA has positive effects on psychological parameters such as self-esteem, motivation, social engagement and communication, all of importance for learning outcomes109. There are even studies suggesting that inferior motor skills might lead to negative effects in these psychological parameters and delay cognitive development151,152. Furthermore, reports also show an association between PA and attention and academic test results153,154, a link between higher levels of PA and the ability to concentrate in the classroom, which also could be of importance for academic achievement. Few studies have addressed the hypothesis and most have included small samples, been short-term and used different surrogate endpoints for academic performance155-157, possibly explaining the divergent conclusions. Since no intervention studies with prospective controlled study design are available and those only few of the others have used the clinical relevant endpoint “eligibility for upper secondary school programs” and none has been made on a national level, there is no consensus on the effect of increased PA on academic school performance.
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Since most falls and fractures in young age occur during movement, an adverse effect of PA could be increased fall and fracture risk. Previous research shows that vigorous PA, including gymnastics, swimming, aerobics, running, dancing, netball or similar activities, is associated with high fracture risk in children20.
Another possible adverse effect of increased PA is the female athlete triad, defined as the combination of disordered eating, amenorrhea and osteoporosis, possibly resulting in premature osteoporotic fractures and permanent loss of aBMD158.


Table 3. Exercise intervention trials and their effect on skeletal traits in children. 

	Reference
	Age and Number of Participants
	Type of Exercise/PA
	Study Duration
	Effects on Bone Increase, higher in Cases vs. Controls

	Tanner stage 1 – Pre-pubertal

	Gunter et al. 
2008
	22 girls
34 boys
7–8 years
	High-moderate impact jumps 
20 min ×3/week
	7 months
	BMC: FN

	Wiebe et al.
2008
	42 girls
6–10 years
	High-moderate impact jumps 
50 min ×3/week
	7 months
	aBMD: No effects

	Bradney et al.
1998
	38 boys
10.4±0.4 years
	Weight bearing 30 min ×3/week
	8 months
	aBMD: TB, LS, Legs
CT: Legs

	MacKay et al.
2000
	144 children
6.9–10.2 years
	High-moderate impact 
10–30 min ×3/week
	8 months
	aBMD: Tr

	Fuchs et al.
2000
	99 children
7.6±0.2 years
	High impact jumping
	7 months
	BMC: FN, LS
aBMD; LS, BW: FN

	Petit et al
2002
	68 children
10.0±0.6 years
	High impact 
10–12 min ×3/week
	7 months
	No effects

	Van Langendonck et al.
2003
	42 children
8.7±0.7 years
	High impact ×3/week
	9 months
	BMC: PF, FN

	Specker et al. 
2003
	178 girls
3.9±0.6 years
	High impact
30 min ×5/week
	12 months
	BMC: Legs

	MacKelvie et al. 
2004
	64 boys
10.2±0.2 years
	High impact
10–12 min ×5/week
	20 months
	BMC: FN
HSA: Z

	Laing et al.
2005
	143 girls
10.2±0.2 years
	Gymnastics
60 min /week
	24 months
	BMC: TB, LS, PF
aBMD: TB, PF
BA: TB, PF

	Valdimarsson et al. 
2005
	103 girls
7.7±0.6 years
	PE classes
40 min ×5/week
	12 months
	BMS: Tr, LS

	Linden et al. 
2006
	99 girls
7.6±0.6
	PE classes
40 min ×5/week
	24 months
	BMC: LS, Legs, 
aBMD: TB, LS, Legs
BW: LS

	Linden et al. 
2007
	138 boys
7.8±0.6 years
	PE classes
40 min ×5/week
	24 months
	BMC: LS, Legs, 
aBMD: TB, LS, Legs
BW: LS

	Alwis et al. 
2008
	137 boys
7.8±0.6 years
	PE classes
40 min ×5/week
	24 months
	BMC: LS
BW: LS

	Alwis et al. 
2008
	99 girls
7.6±0.6 years
	PE classes
40 min ×5/week
	24 months
	HSA: No effects

	Hasselström et al. 
2008
	349 children
6.8±0.4 years
	PE classes
45 min ×2/week
	36 months
	Girls
BMC: Distal forearm
BA: Distal forearm
Boys
No effects

	Greene et al. 
2009
	42 girls
6–10 years
	High-moderate impact jumps
50 min ×3/week
	7 months
	HSA: No effects

	Meyer et al. 
2011
	158 children
8.7±2.1 years
	PE classes
45 min including 10 min of jumping ×2/week
	9 months
	BMC: TB, LS, FN

	Tanner stage 2–3 – Early pubertal

	Morris et al.
1997
	71 girls
8.7±2.1 years
	Moderate impact
30 min ×3/week
	10 months
	BMC: TB; LS, FN, PF
aBMD: TB, LS, FN

	Heinonen et al. 
2000
	58 girls
11.0±0.9 years
	High impact
20 min ×2/week
	9 months
	BMC: LS, FN

	MacKelvie et al. 
2001
	107 girls
11.0±0.9 years
	High impact
10–12 min ×3/week
	7 months
	BMC: LS
aBMD: LS, FN

	Petit et al. 
2002
	106 girls
10.5±0.6 years
	High impact
10–12 min ×3/week
	7 months
	aBMD: Tr, FN
HSA: Z
CT: FN

	Iuliano-Burns et al. 
2003
	64 girls
8.8±0.1 years
	Moderate impact
20 min ×3/week
	9 months
	BMC: LS, Lower leg

	MacKelvie et al. 
2003
	75 girls
9.9±0.6 years
	High impact
10–12 min ×3/week
	20 months
	BMC: FN, LS

	McKay et al. 
2005
	122 children
10.1±0.5 years
	Jumping
3×3 min ×3/week
	8 months
	BMC: PF, Tr, 
BA: PF
HSA: No effects

	Courteix et al. 
2005
	113 girls
8–13 years
	Exercised mean 7.2 hours /week vs. 1.2 hours /week
	12 months
	aBMD: TB, LS, FN

	Macdonald et al. 
2008
	197 girls
213 boys
10.2±0.6 years
	High impact
15 min ×5/week
	11 months
	Girls
BMC: FN
Boys
BMC: LS, TB
HSA: Z

	Löfgren et al. 
2011
	92 girls
131 boys
7.8±0.6 years
	PE classes
40 min ×5/week
	36 months
	Girls
BMC: LS, FN
BW: LS
HSA: CSA
Boys
BMC: LS
BW: LS
HSA: No effects

	Meyer et al. 
2011
	133 children
11.1±0.6 years
	PE classes
45 min including 10 min of jumping ×2/week
	9 months
	BMC: TB, LS, FN

	Löfgren et al. 
2012
	96 girls
125 boys
7.8±0.6 years
	PE classes
40 min ×5/week
	36 months
	Girls
BMC: TB, LS, FN, Tr
BW: LS, FN
HSA: CSA, Z, CSMI
Boys
BMC: LS
BW: FN
HSA: No effects

	Tanner stage 4–5 – Late pubertal

	Blimkie et al.
1996
	36 girls
16.3±0.3 years
	Weight training
×3/week
	7 months
	No effects

	Witzke et al. 
2000
	53 girls
14.6±0.5 years
	Resistance training
30–45 min ×3/week
	9 months
	No effects

	Heinonen et al. 
2000
	68 girls
13.3±0.9 years
	High impact
20 min ×2/week
	9 months
	No effects

	Nichols et al. 
2001
	67 girls
15.9±0.1 years
	Resistance training
30–45 min ×3/week
	15 months
	aBMD: FN

	Sundberg et al. 
2001
	104 girls
122 boys
16.0±0.3 years
	PE classes
40 min ×4/week
	48 months
	Girls
No effects
Boys
BMC: FN, Spine
aBMD: FN

	Stear et al. 
2003
	144 girls
17.3±0.3 years
	Moderate impact
45 min ×3/week
± calcium
	16 months
	BMC: LS, TB, PF, Tr

	Weeks et al.
2003
	44 girls
37 boys
13.8±0.4 years
	High impact jumping
10 min ×2/week
	8 months
	Girls
BMC: FN, LS
Boys
BMC: TB, LS, Tr
QUS: BUA

	Detter et al. 
2013
	96 girls
125 boys
7.9±0.6 years
	PE classes
40 min ×5/week
	60 months
	Girls
BMC: FN
aBMD: Spine
Size: FN area
Boys
aBMD: Spine

	Detter et al. 
2014
	130 girls
165 boys
7.9±0.6 years
	PE classes
40 min ×5/week
	72 months
	Girls
BMC: FN
aBMD: Spine
Size: FN area
Boys
aBMD: Spine

	Fritz et al. 
2016
	117 girls
147 boys
7.7±0.6 years
	PE classes
40 min ×5/week
	84 months
	Girls
aBMD: Spine
CT: TCT
Boys
No effects

	Fritz et al. 
2016
	116 girls
145 boys
7.7±0.6 years
	PE classes
40 min ×5/week
	84 months
	Girls
CT: SSI, MM, vBMD
Boys
No effects


Significant increase in intervention compared to controls seen in the parameters/sites: Bone area (BA), Bone width (BW), Broadband ultrasound attenuation (BUA), Cross-sectional area (CSA), Cross-sectional moment of inertia (CSMI), Computed tomography (CT), Distal forearm, Femoral neck (FN), Hip structure analysis (HSA), Lumbar spine (LS), Mineral mass distribution (MM), Proximal femur (PF), Stress strain index (SSI), Total body (TB), Tibial cortical thickness (TCT), Trochanter (Tr), Volumetric bone mineral distribution (vBMD), Section modulus (Z). 
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Aims
[bookmark: _Toc338848478]General
To prospectively evaluate the effect of physical activity on fracture risk, bone, muscle and academic performance. 
[bookmark: _Toc338848479]Specific
Papers I and II
To evaluate the effect of increased school-based physical activity during 7 years on fracture risk and musculoskeletal traits in children aged 6–9 years at study start.
Paper III
To evaluate the effect of increased school-based physical activity during 7 years on cortical bone mass distribution in children aged 6–9 years at study start.
Paper IV
To evaluate the effect of increased school-based physical activity during 9 years on academic performance in children aged 6–9 years at study start.
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Hypotheses
We hypothesized that daily school-based PA in children would lead to gradually lower fracture risk due to benefits gained in bone mass and muscle strength. Girls would benefit more than boys regarding musculoskeletal traits due to a relatively larger increase in PA.
We also hypothesized that daily school-based PA in children would lead to improved academic performance, more so in boys than in girls due to larger room for improvement.
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Research questions
Does a 7-year school-based exercise intervention program affect the
· Fracture risk?
· Bone mass?
· Bone structure?
· Muscle strength?

[bookmark: _Toc431971990][bookmark: _Toc433291900][bookmark: _Toc446582085][bookmark: _Toc451953284]Does a 9-year school-based exercise intervention program affect the
· Academic performance?
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Material and methods
[bookmark: _Toc338848483]The Pediatric Osteoporosis Prevention (POP) study 
The Pediatric Osteoporosis Prevention (POP) study was initiated at the Department of Orthopedics in Malmö, Sweden in 1999. Several other departments and clinics have been involved in the project and a variety of outcomes have been studied during the past fifteen years110,159-161.
The POP study is a population-based, prospective, controlled exercise intervention study that evaluates the effects of increased school-based PA in growing children aged 6–9 years at study start. Four community-based government-funded schools located in the same geographic area with homogenous socioeconomic and ethnic structure and with the children allocated to schools according to their residential address were invited to participate in the study. Before the study, all schools had the standard duration of school-based PA in the Swedish school curriculum of 60 minutes’ PE per week, given in one to two lessons. One school was then invited to intervention. The school accepted and increased the amount of school PE from 60 minutes per week to 40 minutes per school day (200 minutes per week). The 3 remaining schools continued with 60 minutes per week. All lessons were led by regular teachers and included standard curriculum activities such as ball games, running, jumping and climbing, were conducted within the resources of the schools. Since physical education (PE) is a compulsory subject, all children had to participate (Figure 9).
The study has been approved by the Ethics Committee of Lund University, Sweden (LU 453-98; September 15, 1998) and has been conducted according to the Declaration of Helsinki. Before the study start we obtained informed written consent from parents or guardians of all participating children.


Figure 9. Children in the POP-study during a class of physical education. Photo presented by courtesy of Christian Lindén.
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Fracture identification was objectively done through our hospital, the only emergency hospital in the city. We identified incident fractures through repeated evaluations of the regional radiographic database that covers the referrals of most non-private health care facilities in the region and all radiographs taken irrespective of the reason for the exam, and all fractures in the studied population were confirmed and classified by one of the co-authors, a senior consultant in orthopedic surgery. If fractures occurred in other regions of the country (about 14%), the majority of these were registered when they were referred to our hospital for a follow-up visit. This method has previously been extensively used and validated at our research center and has been proven valid since it misses less than 3% of the fractures162. We also registered fracture site and trauma level according to the Landin classification14, which has been used in several other pediatric fracture studies20,163. All children starting first grade in the four schools in 1998 were included and followed in the study. The inclusion of children in the first grade continued until 2013. Children who moved out of the region or changed school from the intervention to another school were followed until this event (n=179). This resulted in 1,339 children in the intervention (53.8% boys and 46.2% girls) and 2,195 children in the control group (51.3% boys and 48.7% girls) (Paper I). Children with school start 1998 to 2006 (n=1936) were hence followed for seven years, while those with school start 2007 and later (n=1598) were followed until 2013 and thus for a shorter duration than 7 years. This explains why the numbers of participants in paper 1, table 1 were larger during the first evaluated years. This study design resulted in the inclusion of 3,462 individuals in the fracture evaluation in the 1st school year, 3,179 in the 2nd year, 2,856 in the 3rd year, 2,554 in the 4th year, 2,301 in the 5th year, 2,113 in the 6th year and 1,864 in the 7th year. Since only objectively verified fractures were included and this was done through our radiographic archives (and not through questionnaires provided to the children), we were able to include all of the children, that is, no children were excluded from this evaluation.
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Study subjects
For the in-depth evaluations, including lifestyle factors, anthropometry and musculoskeletal traits, we invited a sub-cohort that included all children in the intervention school with school start 1998 to 2000 and all children in the control schools with school start 1999 to 2000 to participate. In the intervention group 94 of the 105 invited girls and 123 of the 132 invited boys agreed to participate. For the current analyses we excluded two girls and four boys due to diseases or medication that could affect growth, bone health or muscle development and 20 girls and 19 boys as their baseline or follow-up data were inadequate. The corresponding baseline attendance rate in the control group was 64 of the 157 invited girls and 68 of the 170 invited boys and the exclusion rate was one girl due to medication that could affect growth and 18 girls and 21 boys with inadequate follow-up data. This resulted in a sub-cohort of 264 children, 72 girls and 100 boys in the intervention group and 45 girls and 47 boys in the control group (Papers I–II) (Figure 10). Another two boys in the intervention group and one girl in the control group were excluded in the bone distribution analysis due to too poor pQCT image quality, rendering 261 children, 72 girls and 98 boys in the intervention group and 44 girls and 47 boys in the control group for that specific analysis (Paper III) (Figure 10). 


Figure 10. Flow chart describing number of participants included and dropouts for the sub-cohort in Papers I and II and the cohort in Paper III.
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Dropout analysis revealed that there were no differences in baseline age, weight or body mass index (BMI) when comparing the girls who completed the measurements with those who only attended the baseline measurements (Paper II). However, girls who dropped out were taller, had higher BMC and aBMD in the femoral neck, had larger muscle mass (lean mass) and had higher muscle strength in one out of four tests (peak torque 180o/sec). Among boys, no such differences were found. Furthermore, there were no differences in age, height, weight or BMI when data from the grade one compulsory school health examination were analyzed for comparison between the children who participated in the baseline measurements with those who declined164,165. This strengthens the view that the data are generalizable. 
Anthropometry
Height (Holtan stadiometer) and weight (Avery Berkel HL120 electric scale) were measured repeatedly in all children in the sub-cohort when wearing light clothes but no shoes. Body mass index (BMI) was calculated as weight/height2. Pubertal maturation, as Tanner staging, was assessed by our research nurse at baseline and self-assessed with the assistance of our research nurse if questions arose at follow-up, a validated method166.
Lifestyle factors
Lifestyle factors, including current and previous medication, current and previous disease, dietary intake of dairy products, smoking status, alcohol use and organized leisure time physical activity (PA), were assessed through a questionnaire that the children in the sub-cohort answered annually. Total duration of PA was calculated as duration of school physical education together with stated organized leisure time activity (hours/week). 
Dual-X-Ray Absorptiometry (DXA)
DXA (DPX-L® version 1.3z Lunar, Madison, WI) measurements were used to evaluate bone mass and bone composition (Figure 11). Lean mass and total body and total spine BMC and aBMD were derived from a total body scan, while a hip scan provided BMC and aBMD in the femoral neck. The equipment was calibrated daily with the Lunar Phantom by our research technicians, who also conducted all measurements and software analyses. The precision, estimated as the coefficients of variation (CV) by duplicate measurements in 13 healthy children aged 7–15 years (mean age 10 years) were 1.4–5.2% for BMC, 2.4–2.6% for aBMD and 1.5% for total body lean mass. 
Figure 11. A girl in the POP-study is measured by DXA (The Lunar® DPX-L). Photo presented by courtesy of Bjarne Löfgren. 
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Peripheral Quantitative Computed Tomography (pQCT)
pQCT (XCT 2000®; Stratec, Pforzheim, Germany) evaluated the appendicular skeletal properties at the seven-year follow-up (Paper II and III). A left leg scout scan was performed to determine the 14%, 38% and 66% of the tibia length from the distal end of the medial malleolus, after which each site was scanned. The voxel size was set to 0.5 mm, the slice thickness to 2 mm and the scanning speed to 20 mm/second. The manufacturer’s software package (Stratec Medical, Pforzheim, Germany, version 6) in conjunction with edge detection and thresholding steps was used to acquire densitometric and structural parameters of bone and soft tissue. The periosteal surface of the tibia diaphysis was found by using a contour algorithm based on a threshold of 280 mg/cm3 from which total bone area (mm2) was estimated. The polar stress-strain index (SSI, mm3) was derived to estimate diaphyseal bone resistance to torsional loading167. Cortical bone was selected by thresholding at 550 mg/cm3 for the 14% site and 710 mg/cm3 for the 38% and 66% sites, from which cortical area (mm2), cortical density (mg/cm3), and cortical thickness (mm) were derived. Subcutaneous fat cross-sectional area (CSA; cm2) was obtained by selecting the area with thresholds –40 to 40 mg/cm3 hydroxyapatite density. Muscle CSA (cm2) was obtained by subtracting fat CSA and total bone area from the CSA of the total limb. As we measured precision, CV evaluated as duplicate measurements in 13 healthy children aged 7–15 years (mean age 10 years), was 1.7% for trabecular vBMD and 0.5% for cortical vBMD. 
Polar distribution (cortical bone mineral mass; mg) and radial distribution (radial vBMD; mg/cm3) of the tibia were estimated using Image J. A threshold of 550 mg/cm3 for the 14% site and 710 mg/cm3 for the 38% and 66% sites with a 3×3 median filtering of the image was used to differentiate the cortical bone from the surrounding soft-tissue and bone marrow. To eliminate partial volume effects, the outermost and innermost layers of cortical pixels were excluded from the analysis. We aligned the bones between individuals according to tibia and fibula marrow center and calculated polar distribution by subdividing the tibia cortex into six sectors around its center of mass with the average bone mass estimated for each sector (Figure 12). Radial distribution was estimated by subdividing the cortex into three concentric rings by first removing all pixels below the threshold of each site from the image and subdividing the remaining cortical bone into three concentric circles with the same thickness. The thickness of the rings varied around the cortex according to the anatomy. The innermost ring is referred to as endocortical, the mid ring as midcortical and the outermost ring as the pericortical (Figure 12).


Figure 12. Polar (left) and radial (right) bone mass distribution168.
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Muscle strength
A computerized dynamometer, Biodex (Biodex system III Pro®, with Biodex advantage software), measured the strength of the quadriceps and hamstrings muscles during concentric isokinetic contractions (Figure 13). The participant was seated in the testing chair with the hips flexed to 85° from the anatomical position and the axis of the right knee aligned with the axis of rotation. The participant was secured in the chair according to standard procedure using three belts, crossing the thigh, pelvis and upper torso, as stabilization. If the participant’s upper leg was shorter than the seat, or the lower leg was shorter than the lever arm of the Biodex, pads were used to adjust for the difference to give the correct angle and positioning of the limb. All participants were instructed to place their arms across their chest during the testing. The knee was positioned at 90° of flexion and went through a 75° range of motion, stopping at 15° flexion. Concentric isokinetic knee extension and flexion peak torque were tested at an angular velocity of extension (ex) and flexion (fl) at 60°/second (60°/sec) and 180°/second (180°/sec). Five maximal repetitions at 60°/sec were performed, including both extension and flexion. After 30 seconds’ rest, 10 maximal repetitions at 180°/sec were performed in the same way. The highest peak torque for each of the extension and flexion variables (PTex60, PTfl60, PTex180, PTfl180) were recorded (Nm). All participants received both visual and verbal encouragement during the test82. The precision, evaluated as CV for repeated measurements in 21 children, was 6.6% for PTex60, 12.1% for PTfl60, 12.3% for PTex180 and 9.1% for PTfl180.


Figure 13. A girl in the POP-study is measured by Biodex® (System III Pro) apparatus. Photo presented by courtesy of Susanna Stenevi Lundgren. 
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Academic performance
All schools in Sweden have to retain grade data for all students for at least 15 years. To evaluate the effect of the intervention on academic performance we collected elementary grade scorecard data from 9th grade through the archive of the intervention school. Among the 234 boys and 190 girls starting the intervention school from 1998 to 2003, 49 boys and 37 girls were excluded since they left the intervention school during the study period (and did not have all nine years of intervention), rendering 185 boys and 153 girls finishing the same school from 2007 to 2012 (Paper IV).
To be able to identify any changes within the intervention school from the period before the intervention was initiated until after the intervention was initiated, we collected the final grade scorecard data from the 9th grade in all children who started 1st grade in the intervention school from 1994 to 1997 (175 boys and 181 girls). We excluded 20 boys and 41 girls who left the intervention school before graduation in 2003–2006, rendering 155 boys and 140 girls (Paper IV).
During these years the 9th and final elementary school grades in Sweden included 16 compulsory school subjects where every subject was graded with the grades Failed (0 points), Passed (10 points), Passed with Distinction (15 points) or Passed with Special Distinction (20 points). The final grade points of these 16 subjects may thus vary from 0 points (p) (no subject with an accepted grade) to 320 p (the highest grade in all subjects). To qualify for national upper secondary school programs the grade Passed in each of the subjects Swedish, English and Mathematics is required. 
We then registered final grade points and eligibility for upper secondary school programs in all these children in the intervention school. The same endpoint data for all other Swedish students were retrieved from the Swedish National Agency of Education (Skolverket)169 from 2003 to 2006 (241,089 boys and 230,837 girls) and from 2007 to 2012 (353,439 boys and 336,442 girls) (Paper IV).
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Statistical methods
SPSS Statistics for Macintosh, version 20.0 (IBM Corp. Armonk, New York, USA) was used for all statistical analyses. P<0.05 was regarded as statistically significant. 
Papers I–III
Data are presented as absolute numbers, means ± standard deviations (SD) or means with 95% confidence intervals (95% CI). Annual fracture incidence was estimated and annual incidence rate ratio (IRR) with 95% CI was calculated using Poisson distribution. Spearman’s test was used for correlation between years of intervention and IRR. Lifestyle factors were compared using cross-tabulation with either chi-2 or Fisher’s exact test. Tanner stage distribution between groups was compared using Mann-Whitney U test at both baseline and follow-up. Two-tailed Student’s t-test was used to compare group differences in anthropometrics, PA and baseline musculoskeletal traits. Changes in musculoskeletal traits were estimated as the changes from baseline to follow-up. When comparing musculoskeletal changes between groups, analysis of covariance (ANCOVA) was used with adjustments for age at baseline and absolute baseline value for evaluated trait (Papers I–II). ANCOVA was also used for tibia composition comparisons between groups at follow-up, adjusting for age at follow-up, and for bone distribution parameter comparisons between groups at follow-up, adjusting for age at baseline (Paper III). Fracture-free survival curves were estimated by Kaplan Meier analyses (Paper II). 
Paper IV
Data are presented as absolute numbers (n), percentages (%), percentage points (pp) or means with 95% confidence intervals (95% CI). No measurement of dispersion is given for national data as these are not drawn from a sample but include all Swedish children (true values). Group differences were evaluated by Pearson’s chi-square test for the eligibility rate and student’s t-test between means for grade points.
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[bookmark: _Toc338848489]Paper I
Introduction: Physical activity (PA) in childhood is associated with high bone mass and beneficial neuromuscular function. We investigated whether increased PA is also associated with fracture risk. 
Methods: Physical education was increased in school for seven years from 60 min/week to 200 min/week in the intervention group, while remaining at 60 min/week in the control group. We registered fractures in all children and measured areal bone mineral density (aBMD; g/cm2) with DXA (femoral neck and total spine) and muscle strength (peak torque for knee extension and flexion; Nm) with computerized dynamometer at baseline and after 7 years. We estimated annual fracture incidence rate ratios (IRR) in the intervention group compared to the control group as well as changes in bone mass and muscle strength. Data are given as mean (95% CI).
Subjects: We registered fractures in 3,534 children aged six to eight years at study start, 1,339 in the intervention group and 2,195 in the control group. In a sub-sample of 264 children, 172 in the intervention group and 92 in the control group, we measured musculoskeletal traits.
Results: The IRR of fractures decreased with each year of the PA intervention (r=–0.79; p=0.04). During the seventh year IRR was almost halved [IRR 0.52 (0.27, 1.01)]. The intervention group had a statistically significant greater gain in total spine aBMD with a mean group difference of 0.03 (0.00, 0.05) g/cm2 and peak flexion torque 180°/sec with a mean group difference of 5.0 (1.5, 8.6) Nm.
Conclusion: Increased PA is associated with decreased fracture risk, probably due in part to beneficial gains in aBMD and muscle strength. 


[bookmark: _Toc338848490]Paper II
Introduction: Physical activity (PA) is associated with high bone mass and beneficial muscle strength in children, but whether the musculoskeletal influence is different in girls and boys is debated. We therefore investigated gender-specific musculoskeletal effects of increased physical activity in children.
Methods: In one school we increased the physical education of 72 girls and 100 boys to 200 minutes per week over seven years. In three other schools, 45 girls and 47 boys continued to receive 60 minutes per week. We measured aBMD with DXA and muscle strength with computerized dynamometer at baseline and after seven years and tibial cortical thickness with peripheral quantitative computed tomography (pQCT) after seven years. Data are given as mean (95% CI).
Subjects: We assessed musculoskeletal traits in 72 girls and 100 boys in the intervention group and 45 girls and 47 boys in the control group. 
Results: Girls in the intervention group gained 0.04g/cm2 (0.01–0.08) more total spine aBMD (p<0.05) and 6.2 Nm (1.6, 10.7) more knee flexion strength (p<0.01) than control group girls and had a 0.1 mm (0.0, 0.3) higher tibial cortical thickness at follow-up (p<0.05). Boys in the intervention group gained 7.3 Nm (0.4, 14.2) more knee extension strength (p<0.05) and 7.4 Nm (2.3, 12.4) more knee flexion strength (p<0.01) than the control group boys, but their aBMD was no higher than the control group. 
Conclusion: A seven-year, population-based moderately intense exercise intervention enhanced gains in spine bone mass in girls and knee muscle strength in both genders. 


[bookmark: _Toc338848491]Paper III
Introduction: Cortical bone mass and density varies across a bone’s length and cross-section, and may be influenced by physical activity. This study evaluated the long-term effects of a pediatric school-based physical activity intervention on tibial cortical bone mass distribution. 
Methods: Children from one school were provided with 200 minutes of physical education per week (intervention group). Three other schools continued with the standard of 60 minutes per week (control group). Tibial total and cortical area, cortical density, polar stress-strain index (SSI), and the mass and density distribution around the center of mass (polar distribution, mg) and through the bone’s cortex (radial distribution subdivided into endo-, mid-, and pericortical volumetric BMD: mg/cm3) at three sites (14%, 38% and 66%) were assessed using pQCT after 7 years.
Subjects: In 72 girls and 98 boys in the intervention group and 44 girls and 47 boys in the control group we assessed cortical bone parameters and distribution.
Results: Girls in the intervention group had 2.5% greater cortical thickness and 6.9% greater SSI at the 66% tibia, which was accompanied by significantly greater pericortical volumetric BMD compared to controls (all p<0.05). Region-specific differences in cortical mass were also detected in the anterior, medial and lateral sectors at the 38% and 66% tibial sites. There were no group differences at the 14% tibia site in girls, and no group differences in any of the bone parameters in boys. 
Conclusion: Additional school-based physical education over seven years was associated with greater tibial structure, strength and region-specific adaptations in cortical bone mass and density distribution in girls, but not in boys.


[bookmark: _Toc338848492]Paper IV
Introduction: Physical activity (PA) may improve brain development, cognition and concentration and may therefore also improve academic performance.
Methods: In the intervention school the level of physical education (PE) was increased from 60 min/week to 200 min/week for students starting first grade in 1998–2003, thus graduating in 2007–2012 after 9 years with the increased level of PE. All other Swedish children continued with the average of 60 min/week of PE during this period. Children graduating in 2003–2006 (before the intervention was initiated), both those in the intervention school and all other Swedish children, had the Swedish standard of 60 min/week of PE. At graduation we registered the proportion of students eligible for upper secondary school and the final grade score (from 0 to 320 grade points). Data are reported as means with 95% confidence intervals for the intervention school but only as means for the all other Swedish children (since this is not a sample).
Subjects: We registered academic results in 185 boys and 153 girls in the intervention group graduating in 2007–2012. As controls served all other 353,439 Swedish boys and 336,442 Swedish girls graduating during the same years. We also registered academic results in 155 boys and 140 girls in the same school and in all other 241,089 Swedish boys and 230,837 Swedish girls graduating in 2003–2006 to evaluate academic performance before the intervention was initiated.
Results: Before the intervention was initiated, academic performance was similar in the intervention school and all other Swedish boys and girls. With the intervention, the eligibility rate increased in the intervention school for boys by 7.3 (1.4, 13.2) percentage points (pp) and the grades by 13.3 (3.1, 23.5) points, while there was a decrease of 0.8 pp in eligibility rate and an increase by 2.7 points in all other Swedish boys. No group differences were found in girls.
[bookmark: _Toc451953286][bookmark: _Toc433291902][bookmark: _Toc446582087]Conclusion: Daily school-based PA for nine years improves academic performance in boys, but not in girls.


[bookmark: _Toc338848493]General discussion
[bookmark: _Toc338848494]Osteoporosis and fracture risk
The most common approach to osteoporosis treatment is to target individuals with osteoporosis or osteopenia, with or without fractures, and use pharmacologic treatment170,171 or to try to reduce other risk factors for fractures in high-risk individuals22,172. Multiple RCTs have shown excellent effect of these treatments regarding future fracture risk reduction173,174. However, to intervene before any prevalent osteoporosis or osteopenia would be even better, and that is the core of the POP study, using PA to early on influence bone mass and muscle strength, two of the most important modifiable risk factors for fracture10,42.
During growth
The POP study is the only prospective PA intervention study with fracture as endpoint, and we have previously found similar fracture risks in the intervention and the control cohorts over the entire study period175. Since no PA exposure-time dependent fracture risk was provided in previous reports, a transient increased initial fracture risk due to more falls and traumas in children not used to PA could therefore have obscured long-term fracture-preventive effects. This hypothesis was supported in this thesis and after seven years the fracture risk was halved in the intervention compared to the control cohort. 
Furthermore, the inverse correlation between IRR to sustain a fracture and number of years of intervention that we found seems explained by the fact that the higher fracture incidence with each year closer to puberty usually seen16, and seen in our control cohort, did not occur in the intervention group (Paper I, Table 1).
Gender specific fracture analyses would have been preferable, but are not meaningful in our cohort due to low power. However, when gender specifically observing data, the same trend of decreasing IRR for every year of PA intervention as for all individuals (Figure 14) seems to occur for both girls and boys separately (Figure 15 and 16). This strengthens the view that the PA intervention program influences the fracture risk in a positive way, regardless of gender.
Figure 14. Fracture incidence rate ratio (IRR) during 7 years in the 3534 children in the fracture study (Paper I). 
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Figure 15. Fracture incidence rate ratio (IRR) during 7 years in the 1688 girls in the fracture study (Paper I). 
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Figure 16. Fracture incidence rate ratio (IRR) during 7 years in the 1846 boys in the fracture study (Paper I). 
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In adulthood
Prospective studies have also shown that PA-induced skeletal benefits, at least partly, are retained long-term after reduced activity level176,177 and that fracture incidence in adulthood is low in those with high level of PA during growth126. With this in mind, this thesis shows benefits of PA regarding both bone mass and muscle strength as well as for the primary outcome, fractures. This indicates that PA intervention is a feasible strategy to prevent fractures both during childhood and later in life, and possibly also osteoporosis later in life, thereby decreasing the economic burden on society as well as the individual suffering.
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Musculoskeletal traits
About 20–40% of the variance in bone mass can be explained by environmental factors, the rest is thought to be constituted by genetic factors43,64. By optimizing environmental factors, such as diet and PA, accrual of bone mass and bone size during growth may be improved and age-related bone loss reduced. Since growth is highly varying compared to the more constant and more stable bone attrition after PBM52 and 50% of the bone mass at age 70 years is predicted by PBM52 and 60% of the mature skeletal traits are dependent on the variance before puberty178, the growth period may be the most important period in life to influence the skeleton. 
It is common knowledge today that the most potent osteogenic activities include fast novel dynamic loads with high magnitude and high frequency. The skeleton however becomes saturated quite fast with these activities and endurance activities are thereby less effective in this sense179. The activities alter the mechanostat balance system180, so that the mechanical signal is transferred to a biological signal that enhances the function of the osteoblasts, resulting in increased gain in bone mass. Increased aBMD reduces fracture risk independently of fall risk, as a skeleton with high aBMD becomes more resistant to trauma181, and low aBMD has been found in children with distal forearm fractures compared to controls182. Improved muscle strength is known to reduce fall frequency183 and contributes to fewer injurious falls, probably due to improved sensorimotor function116. However, this association has only been found in adults, and whether the same is true for children is, to our knowledge, not known. While there are reports on that exercise during the pre- and peri-pubertal years can enhance bone structure and strength at loaded skeletal sites128,184, there are mixed findings from the limited number of school-based exercise intervention studies that have used pQCT to evaluate exercise-induced changes in bone structure and strength185-189. Nevertheless, several previous cross-sectional studies in children and adolescents62,190 and young athletes191 have reported that higher levels of weight-bearing impact activities were associated with localized cortical adaptations, particularly in the anterior-posterior plane of the mid and proximal tibia. This is in line with other evidence that suggests that the mid-tibial shafts primary loading mode is bending in anterior-posterior plane192 and thus should also be the sites most prone to tibial fracture and therefore also the sites where increased bone mass and bone structure would benefit the fracture risk most.


The greater gain in bone mass in girls with increased PA in our study transformed to a 0.4 standard deviation higher spine aBMD after seven years of intervention, a benefit that according to previous research would convey close to a 25% lower fracture risk193. Both boys and girls with increased PA in our study also had higher gains in muscle strength, which points to an even larger possible fracture risk reduction, since improved neuromuscular function is associated with a low fall risk116,183. This thesis also shows that girls receiving the intervention had greater cortical strength (SSI) and higher mineral mass at the lateral, anterior and anterior-medial sectors of the tibia compared to controls, which may also contribute in decreasing the fracture risk. The region-specific adaptations in the medial and lateral planes may be explained by the fact that our generalized PE intervention included a wide range of activities, such as ball games, running, jumping, and playing, that could have created bending forces in the medial and lateral planes of the tibia. 
This thesis supports previous short-term studies that indicate that PA programs improve musculoskeletal development in both genders, but extend the knowledge as we found that girls seemed to benefit more when the program was continued long-term into puberty. This could be because girls in general are less active in their spare time generally and in puberty reduce their PA level to a greater extent than boys194. Indeed, boys in our study were already undertaking a mean of >3 hours per week of physical activity prior to the start of the intervention, hence the additional physical activity may not have been not enough to elicit further bone adaptation. The extra school-based PE would therefore have contributed relatively more to the total duration of PA in girls than in boys. 
[bookmark: _Toc338848496]Academic performance
PA has been associated with beneficial cognitive achievement92,195-198. This thesis supports this view by showing that increased PA results in increased grades and increased qualification rate to upper secondary school for boys. Furthermore, the increase by 7.3 percentage points should be regarded as an improvement not only of statistical but also clinical relevance, especially since the eligibility rate in Swedish children has decreased during the same period. Since girls before the intervention already had a 95.0% qualification rate and 74.8% of the maximal grades, significantly higher than boys, the potential for them to improve was probably lower than in boys, for girls maybe even enough to be affected by ceiling effects199.


To further analyze the effect of the PA intervention program on academic performance, we compared the intervention school with the control schools from Paper I-III (Table 4 and 5). The results are similar to those comparing the intervention school to all Swedish students (Paper IV). This strengthens our view that the intervention program is the main factor for the positive development in academic performance. However, the fact that the control schools had significantly higher grades and qualification rates before the intervention was initiated is a limitation. Since we had data for all Swedish students, we thus consider the primary analysis included in Paper IV to be of higher interest and research value. 
Table 4. Eligibility for upper secondary school and summarized grades for boys in the index school (n=155) and the control school (n=358) during years 2003 – 2006 (abefore the intervention was initiated in the index school) and for boys in the index school (n=185) and the control school (n=448) during years 2007 – 2012 (bwith intervention in the index school).

	BOYS
	Students graduatinga
	Students graduatingb
	Mean difference between

	
	2003-2006
	2007-2012
	the two periods

	Eligibility for upper secondary school (n (%))
	
	percentage points

	Index school
	137 (88.4%)
	177 (95.7%)
	7.3 (1.4, 13.2)

	Control school
	344  (96.1%)
	432  (96.4%)
	0.3 (-2.3, 3.0)

	Summarized grades (mean points (95%CI))
	
	points

	Index school
	197.7 (189.6, 205.7)
	211.0 (204.4, 217.5)
	13.3 (3.1, 23.5)

	Control school
	215.0 (208.9, 221.1)
	223,3 (218.3, 228.3)
	8.3 (0.5, 16.1)


Data presented as absolute numbers (n), percentages (%), percentage points (pp) and means with 95% confidence intervals (95% CI). Statistically significant group differences are bolded. 
Table 5. Eligibility for upper secondary school and summarized grades for girls in the index school (n=140) and the control school (n=316) during years 2003 – 2006 (abefore the intervention was initiated in the index school) and for girls in the index school (n=153) and the control school (n=410) during years 2007 – 2012 (bwith intervention in the index school).

	GIRLS
	Students graduatinga
	Students graduatingb
	Mean difference between

	
	2003-2006
	2007-2012
	the two periods

	Eligibility for upper secondary school (n (%))
	
	percentage points

	Index school
	133 (95.0%)
	146 (95.4%)
	0.4 (-4.5, 5.4)

	Control school
	306 (96.8%)
	397 (96.8%)
	0.0 (-2.6, 2.6)

	Summarized grades (mean points (95%CI))
	
	points

	Index school
	239.2 (231.3, 247.1)
	233.6 (225.9, 241.3)
	 -5.6 (-16.6, 5.4)

	Control school
	231.2 (224.9, 237.5)
	237.7 (232.3, 243.2)
	6.5 (-1.8, 14.8)


Data presented as absolute numbers (n), percentages (%), percentage points (pp) and means with 95% confidence intervals (95% CI). Statistically significant group differences are bolded.

The amount or intensity of the PA needed to improve cognitive achievement has been discussed157,200 without any clear consensus. Since we in our study exposed all children within a school (not only those who chose to participate) to PA activities on a moderate level, facilitating that every child could participate, our study indicates that increased PA is a feasible strategy to improve academic school results in boys on a population-based level. 
Several explanatory hypotheses have been postulated153,195,201, but the reasons for the improved school performance are unclear. There are studies inferring PA to have direct positive effects on the nervous system by increasing brain volume, blood flow to the brain, synaptic plasticity, as well as promoting formation of nerve cells, all involved in different aspects of perception, cognition, memory, and attention147,148,150. There are also studies suggesting PA to have positive effects on psychological parameters such as self-esteem, motivation, social engagement, and communication109, all of importance for learning outcomes. Other studies suggest inferior motor skills to have negative effects in these psychological parameters and delay cognitive development151,152. Furthermore, an association has been shown between PA and attention and academic test results153,154, linking higher levels of PA to the ability to concentrate in the classroom, which also could influence academic performance.
[bookmark: _Toc338848497]Strengths of the studies
The strengths of the studies in this thesis include the longitudinal population-based case-control design, the large sample size in the fracture evaluation, the high participation rate in the fracture evaluation and the longest reported intervention follow-up period. It is advantageous that the level of PA in the intervention group was on a moderate level so that all children could participate. Also, the unique technique used to quantify cortical mass and density distribution and the use of the clinically relevant endpoints fractures, average grades and qualification rate to upper secondary school programs must be considered as strengths.
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Limitations of the studies
The main weakness of the studies in this thesis is that they are not randomized controlled trials (RCT). No individual and no school randomization was done prior to study start, but since all schools had the Swedish standard of 60 min/week of PE before the study start and since the schools were community-based, located in the same geographic area with homogenous socioeconomic and ethnic structure and with the children allocated to each school according to their residential address, the risk of selection bias seems low. Other weaknesses include the lack of information regarding when and where the fractures occurred and the lack of registration of non-organized PA. Also, it would have been advantageous to have an objective measurement of the duration of PA throughout the study, e.g. continuous accelerometer-data. Since we only found positive effects in aBMD at the lumbar spine and not the hip and only two of four muscle strength tests in boys and one of four tests in girls, the concern that these positive effects may be related to other differences than the level of PA must be raised. The lower participation rate in the control group (28%) compared to the intervention group (73%) in the musculoskeletal evaluations is also a weakness. However, the view that the data are generalizable is strengthened by the dropout analyses revealing only slight differences between participants and dropouts at baseline in girls and none in boys, and no differences between participants and non-participants in the compulsory grade one school health examination.
In the academic performance evaluation the relatively small intervention group and the absence of background data are limitations since other variables such as ethnicity, socioeconomic status and parental education may affect the outcome. To avoid the influence of any ceiling effect, we would have preferred to conduct the intervention in a school with lower academic achievements in girls, giving them the same potential for improvement as boys in our study.
Other limitations that should be highlighted include the power problem for the fracture endpoint, especially in gender-specific sub-group analyses, the cross-sectional pQCT evaluation and the self-assessment of Tanner staging.

[bookmark: _Toc338848499]Conclusions
1. This thesis shows that increasing the amount of physical education in school from approximately 60 min/week to 40 min daily (200 min/week) from school start in children aged 6–9 years decreases the fracture risk with every year of extra physical education and enhances muscle strength.

2. This program also improves bone mass and bone strength in girls, accompanied by region-specific gains in cortical bone mass distribution.

3. Finally, the extra physical education during all nine compulsory school years improves grades and eligibility to higher education in boys.

With these conclusions, we call on politicians and decision makers to strongly consider expansion of the physical education school curriculum to include daily physical activity in all Swedish schools to improve the musculoskeletal health and academic performance of future generations. 
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Future perspectives
The first three papers in this thesis examine the effect on fracture risk and musculoskeletal health during childhood and adolescence, and since there is a positive effect for the study subject the most intriguing question for the future is whether or not these benefits remain into adulthood and old age and thereby could affect the development of osteoporosis and fragility fractures. To answer this question the POP cohort must be followed further longitudinally into adulthood. 
However, a seven-year exercise intervention trial is a push forward regarding the field of school-based physical activity affecting bone mass, bone structure and muscle strength. One of the main findings, decreasing fracture risk with every year of intervention, provides new information about the main outcome from most studies involving bone mass and bone structure, fractures. Since this might be in part due to increased bone mass and muscle strength, fracture risk should be followed further to evaluate if this decrease continues and results in an absolute lower fracture risk with extension of the intervention. 
The bone mass distribution sheds light on how and where the increased bone mass is acquired and provides more insight into the physiology of skeletal response to general physical activity. Future studies should include more common fracture sites to evaluate the effect of physical activity on bone remodeling where the effect can be directly transferred to decreasing fractures. 
Two major concerns about increasing physical education in school have been the decreased time for other important school subjects and increased school resources needed for such a change in the curriculum. With this school-based intervention we now burst these concerning bubbles by showing that no decrease in grades accompanies such a program and no extra resources are needed. In fact, this thesis now provides strong evidence that increased physical education from school start and throughout elementary school increases grades and eligibility rate for upper secondary school programs in boys. To further investigate the effect of physical activity on academic performance the same cohort should be followed into adulthood to evaluate professional success. 
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Summary in Swedish – Populärvetenskaplig sammanfattning
Frakturer är ett stort och dessutom ökande samhällsproblem. Genom att stärka skelettet och muskulaturen kan risken för frakturer minskas. Hög fysisk aktivitet är associerad med hög benmassa, gynnsam skelettstruktur, god muskelfunktion och låg risk att drabbas av frakturer. Fysisk aktivitet skulle därför kunna vara en möjlig strategi för att minska antalet frakturer i samhället. Tidigare forskning har visat att den bästa perioden i livet att påverka sitt skelett genom fysisk aktivitet är pre- och peri-pubertalt. Tidigare studier är dock korta, innefattar små kohorter och baseras främst på inklusion av frivilliga idrottsintresserade barn. Detta gör det svårt att uttala sig om eventuella långtidseffekter samt populationsbaserade effekter, båda viktiga sett ur ett samhällsperspektiv. Skall fysisk aktivitet kunna användas så effektivt som möjligt som frakturprofylax bör den inkludera så många barn som möjligt, helst alla i befolkningen, och ge effekter även vid en träningsnivå som alla barn klarar av att genomföra. Det finns utöver detta även studier som antyder att ökad fysisk aktivitet är associerad med förbättrade kognitiva funktioner, såsom minne och inlärning. Därigenom skulle även akademiska skolresultat kunna påverkas. Detta är av stort intresse eftersom skolresultaten i svensk grundskola, enligt den återkommande PISA-rapporten, de senaste decennierna försämrats. Detta gäller både betyg och andel barn som blir behöriga till gymnasial utbildning. Ökad skolidrott skulle således kunna vara ett sätt att vända denna trend. 
Mot denna bakgrund startades Bunkefloprojektet (på engelska förkortad till POP-study), en populationsbaserad prospektiv kontrollerad interventionsstudie som innefattar barn från fyra grundskolor i sydvästra Malmö. En av skolorna utökade ämnet idrott och hälsa från 60 min/vecka till 200 min/vecka (40 min/skoldag). Denna skola fungerade som interventionsskola. Resterande tre skolor fortsatte med 60 min/vecka idrottsundervisning (svensk standard) och fungerade då som kontrollskolor. Vi inkluderade alla 3 534 barn (6–9 år gamla) som började årskurs 1 i någon av dessa skolor år 1998 till 2012 och följde dem i 7 år avseende frakturer. De 264 barn som började år 1998 till 2000 erbjöds vara med i en utökad del av studien där vi följde utveckling av skelett, muskelstyrka och livsstilsfaktorer genom årliga mätningar. För att utvärdera akademiska skolresultat inkluderades alla individer som slutat årskurs 9 år 2003 till 2012 i interventionsskolan. Vi använde även Skolverkets statistikdatabas (Siris) för att inkludera alla individer som slutat årskurs 9 år 2003 till 2012 i hela Sverige som akademisk kontrollgrupp. På detta sätt kunde vi jämföra skolresultaten mellan och inom skolorna före interventionen (skolslut 2003 till 2006) och efter interventionens införande (skolslut 2007 till 2012).
Barnen i interventionsskolan hade jämfört med barnen i kontrollskolorna ökad frakturrisk under det första året efter påbörjad intervention, varefter den relativa frakturrisken sjönk för varje år som interventionen pågick. Vi såg även att flickorna i interventionsgruppen hade förbättrad utveckling av skelettet, i form av ökad benmassa och förändrad struktur jämfört med kontrollgruppen. Någon sådan effekt kunde inte registreras bland pojkarna. Både flickor och pojkar i interventionsgruppen hade förbättrad utveckling av muskelstyrkan jämfört med kontrollgruppen. Pojkarna med extra skolidrott förbättrade sina slutbetyg i nionde klass samt i denna grupp minskade även andelen individer som inte klarade behörighetskraven till gymnasial utbildning. Hos flickorna kunde inga akademiska gynnsamma effekter registreras bland dem med daglig fysisk aktivitet under grundskoleåren.
Ökad skolidrott förefaller således vara en strategi som kan minska den relativa risken för fraktur, förbättra utvecklingen av skelett och muskelstyrka samt öka de akademiska skolprestationerna. Det finns stöd från andra studier att en sådan utveckling i ungdomen kan leda till starkare skelett och bättre muskulatur och därigenom färre frakturer även i vuxenlivet och ålderdomen. Detta gör att vi nu har starkt vetenskapligt underlag att rekommendera daglig idrott i grundskolan för alla barn. 
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