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Abstract

Dual Energy X-ray Absorptiometry (DXA) is a vital tool for assessing bone health in patients at 

risk for fragility fractures. In pediatric patients, this technology is used in conjunction with clinical 

fracture history to diagnosis osteoporosis and monitor treatment response. Childhood and 

adolescence is characterized by linear growth and bone mass accrual; thus there are important 

differences in the interpretation of bone measurements obtained by DXA in these young patients. 

This review aims to explore the current indications for DXA use and interpretation of DXA in the 

pediatric age group using currently available reference databases. Limitations of DXA in pediatric 

patients, specifically in children with short stature, will be explored. We will review several 

pathophysiologic mechanisms that may lead to low bone density in children, discussing 

representative diseases and the recommendations for monitoring bone health with DXA in these 

conditions. Finally, we will highlight new methods by which DXA imaging can gather additional 

information on bone health in children and may improve our ability to predict fractures and 

osteoporosis.
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1. Introduction

Over the last 30 years, Dual Energy X-ray Absorptiometry (DXA) has emerged as a valuable 

tool for evaluating bone health and fracture risk in adults. For pediatric patients, the utility of 

this measurement technique has increased substantially over the last 10–15 years as age 

appropriate reference data from healthy children have become available [1–9]. There has 

also been a significant increase in the published literature on the natural history of DXA 

derived bone mineral density (BMD) in a variety of pediatric chronic diseases. In 
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conjunction with fracture history, DXA results may be used to make a diagnosis of 

osteoporosis in children and adolescents [10].

This review aims to explore the current indications for DXA use, interpretation of DXA in 

the pediatric age group using current reference databases, the utility of DXA for prediction 

of both fractures and osteoporosis risk, and future directions for this field.

2. DXA use in pediatric patients

2.1. DXA measures

DXA measurements generate information about bone mass (bone mineral content, BMC, 

measured in grams) and the projected area of bone (measured in cm2). This information is 

then used to calculate an areal BMD (aBMD, g/cm2). DXA scans are unable to measure 

bone depth. Therefore, aBMD estimates can be falsely low in short patients with smaller 

bones or falsely elevated in tall patients with larger bones. How to account for this important 

factor in children who are growing at varying rates will be discussed in more detail later in 

this review. Debate continues over which DXA outcome is optimal to understand the bone 

health of pediatric patients. Both BMC and aBMD have been associated with fracture risk 

[11]. However, BMC is not influenced by size as significantly as BMD and some experts 

thus consider this measure to be more reliable in pediatric patients [4]. On the other hand, 

data from the Bone Mineral Density in Childhood Study found aBMD to be more precise 

across all pediatric age ranges and reference data for aBMD are most accessible for 

clinicians at the present time [12].

2.2. Scan sites

The resolution capabilities of DXA allow only total aBMD to be measured. Estimates of 

compartmental (trabecular vs. cortical) aBMD are inferred by measuring specific sites. The 

lumbar spine is comprised of primarily trabecular bone. Therefore, aBMD measures 

obtained at this site provide information on the trabecular compartment, whereas 

measurements of primarily cortical sites (1/3 distal radius, femoral neck, or whole body) are 

used to make inferences about cortical bone density. In children, the recommended scanning 

sites are the anterior-posterior lumbar spine and the total body less head (TBLH) [10]. The 

TBLH is derived from the whole body scan and as >80% of the skeleton is comprised of 

cortical bone, the TBLH skeletal site provides an assessment of the cortical compartment. 

Exclusion of the head for skeletal outcomes is recommended for several reasons [13]. First, 

the skull comprises a relatively large portion of the skeleton. Second, bone mineralization at 

the skull is not affected by nutritional or environmental factors such as weight-bearing 

activity that impact BMD throughout the rest of the body. Finally, skull fractures do not 

represent true osteoporotic fractures. Thus, the recommendation is to not include this region 

in BMD measurements [10]. Reference ranges for the TBLH are available for children and 

adolescents ages 5–20 years [6]. In addition, this skeletal site provides additional 

information on body composition with measures of lean mass and fat mass that may be 

helpful in evaluating children with chronic conditions. Reference ranges are available for the 

lumbar spine [8,14,15]. Both of these sites are highly reproducible in children with co-

efficients of variation similar to that in adults [12].
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2.3. Other skeletal sites

In adults, the femoral neck (FN) is a recommended scanning site. In growing children, 

concerns arise regarding the reproducibility of DXA results at any region of the hip due to 

variations in the development of skeletal landmarks which lead to difficulty in ensuring 

proper positioning [16]. However, in later adolescence, this issue may not be as significant 

and this skeletal site may be particularly useful in older children who are likely to continue 

to have bone mineralization deficits into adulthood [12]. The 1/3 distal radius is a site of 

primarily cortical bone whereas the ultradistal radius is primarily trabecular bone. DXA 

scans at these sites have been used in certain pediatric populations when TBLH and lumbar 

spine are not feasible, for example in children with spinal rods or severe obesity. 

Unfortunately, scans at this site have the poorest precision compared to other measurement 

sites and reference data are limited [6,8]. Finally, DXA scans of the lateral distal femur 

(LDF) have been helpful in evaluating aBMD of non-ambulatory patients [17,18]. Results 

for this site are generated using DXA software for the distal radius, thus additional 

technologist training is required [19]. References ranges are also available only for Hologic 

scanners [20,21].

2.4. Reliability and validity

As with any test, a BMD result is only as good as the scanner from which it was generated. 

It is important that the clinician be familiar with the precision or reproducibility of the BMD 

results generated for their particular DXA scanner. Precision errors of the machine are 

reported to be <1% [22]. However, additional error can be introduced with variation in 

patient positioning and motion artifacts [23,24]. Technologists should receive periodic 

reviews to ensure standardization of scan acquisition and analysis technique. Importantly, 

clinicians need to have a good understanding of the least significant change (LSC) value for 

their machine. This value represents the precision error for the measurement and is 

especially important in the interpretation of serial scans. As discussed earlier, children are 

growing and acquiring new bone. Therefore, BMD is expected to change over time. Whether 

the change represents a true increase or decrease in BMD, or is considered to be clinically 

relevant, depends on the interpretation of the measure in light of the machine’s LSC.

2.5. Frequency of scanning

While radiation exposure from a DXA scan is minimal (0.1–6 μSv; less than a typical chest 

X-ray), the risk is not negligible especially if scans are obtained too frequently. The 

recommended minimum interval between any DXA scans should be 6–12 months [25].

3. Use of DXA in the healthy pediatric population

DXA is the most commonly used densitometric technique for children throughout the world 

[26] and is the only recommended modality for clinical assessment of bone density. When 

ordering a DXA scan for a child or adolescent, the clinician must consider many factors 

including fracture history, family history, associated risk factors, and how results would 

influence patient care [27]. Guidelines have been set forth by the Pediatric Position 

Development Conference (PDC) of the International Society for Clinical Densitometry 

(ISCD). However, many of these recommendations are based on expert consensus as there is 
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limited scientific evidence to help guide clinicians in the use of DXA in pediatric 

populations [10].

In children and adolescents without chronic disease, indications for obtaining a DXA scan to 

assess bone density include a clinically significant fracture history or apparent “osteopenia” 

on a standard radiograph. A clinically significant fracture history was defined by the PDC to 

include two or more fractures of long bones before ten years of age, or three or more long-

bone fractures before 19 years of age [25]. These criteria do not include stress fractures, 

which occur as overuse injuries. Consideration of the mechanism of injury and level of 

trauma should be made for each fracture incident, as high-energy trauma fractures (e.g., road 

traffic accidents, falls from >3 m, blunt trauma, sports-related injuries) should be excluded 

when considering fracture history. With a wide degree of variation and complexity in 

mechanisms of falls, blunt trauma, and twists, clinical judgment is needed to discern which 

fractures can be excluded, conservatively, including questionable fractures. While consensus 

from the PDC agreed that a non-traumatic vertebral compression fracture was sufficient to 

make the diagnosis of osteoporosis in children regardless of aBMD Z-score, some clinicians 

obtain a DXA scan in this clinical scenario as a baseline for future comparison.

There is not sufficient evidence to recommend DXA measurements for pediatric patients 

who have recurrent fractures of the digits or phalanges, those receiving depot 

medroxyprogesterone acetate [28] or anticonvulsants [29], or those with low BMD (known 

by radiograph or other incidental finding), but no history of significant fracture. However, in 

conjunction with other risk factors such as a family history of hip fractures, or poor nutrition 

affecting bone, the clinical decision can change.

In otherwise healthy children, obtaining a DXA scan must be carried out with the goal to 

reduce future fracture risk by identifying patients who would benefit from interventional 

therapies and treatments. Case control studies have found that children with forearm 

fractures had lower aBMD compared to those who did not fracture and odds of fracture 

increased 28–41% for every 1 standard deviation (SD) decrease in BMD as derived by DXA 

[30]. Data on the utility of DXA measures to predict incident fractures in otherwise healthy 

children are limited. One such prospective study found an 89% increased risk of fracture for 

every 1 SD decrease in BMC [11]. Both BMC and aBMD measured at the total body and 

lumbar spine were significantly associated with increased risk for an upper extremity 

fracture (hazard ratios: 1.53–2.47) [31]. While any fracture may have clinical significance, 

these studies were primarily interested in the most common fracture of childhood, the 

forearm fracture. The ability of DXA scans in otherwise healthy children to predict the 

occurrence of osteoporotic fractures (low trauma, fragility fractures or vertebral compression 

fractures) in adulthood is unknown and likely will remain so due to feasibility issues in 

conducting such a study.

4. Indications for DXA in pediatric patients with chronic diseases

Apart from healthy children and adolescents with significant fracture histories, DXA has an 

important role in monitoring and managing treatment of children and adolescents with 

chronic disease. Recommendations for pediatric use of DXA have been published by 
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numerous academic organizations for various chronic diseases. We aim to summarize those 

findings below.

Chronic diseases can affect bone mineralization by impairing bone formation, increasing 

bone resorption, or both [32–34] In addition, many diseases are associated with impaired 

linear growth, delayed puberty, and/or poor nutrition. In assessing the bone health of 

children with chronic disease, it is important to consider the underlying disease state. 

Herein, we discuss several chronic medical conditions known to have an impact on bone 

health categorized by prominent mechanism: primary bone disease, inflammatory diseases, 

glucocorticoid exposure, hormone deficiency, inadequate nutrition or nutrient malabsorption, 

and immobility. Fig. 1 describes the many pediatric chronic diseases that have been found to 

affect bone health and this patient group continues to expand. Therefore, this report includes 

a selection of commonly encountered diseases where DXA may aid in the management and 

treatment of the pediatric patient. Recommendations for DXA use in each category, as well 

as specific recommendations for selected diseases within categories, will be discussed. As 

this report is not exhaustive, clinicians are encouraged to use judgment for their individual 

pediatric patients.

For all children or adolescents with primary or secondary bone disease (or those at risk), 

DXA scans should be obtained only when the results will influence the management of the 

patient or the use of available interventions [25]. When no intervention is available, or a 

given intervention would be implemented regardless of DXA results, DXA measurements 

are not recommended.

4.1. Primary bone disease

In pediatric primary bone diseases, of which osteogenesis imperfecta (OI) is the most 

common and extensively studied, DXA scans are utilized for monitoring disease progression 

and the effect of treatment. A baseline DXA scan is recommended at the start of any 

treatment, and then periodically for follow-up [35]. In patients with OI, those with Type I OI 

are expected to benefit the most from use of DXA as it is informative in making the 

diagnosis, as well as aiding in treatment and management decisions [36].

4.2. Inflammatory diseases (examples: inflammatory bowel disease, rheumatoid arthritis, 
cystic fibrosis)

Chronic inflammation is associated with bone disease as the inflammatory cascade (e.g., 

interleukin-6 or IL-6, tumor necrosis factor-α) leads to osteoclastogenesis and increased 

bone resorption via activation of RANK ligand [37]. Low aBMD has been reported in 

numerous chronic inflammatory conditions including inflammatory bowel disease (IBD) and 

rheumatoid arthritis. At the time of diagnosis, pediatric patients with inflammatory bowel 

disease (IBD) had lower aBMD Z-scores and the risk for low aBMD was positively 

associated with BMI [38,39] and negatively with IL-6 activity [39]. Treatment of IBD results 

in increased bone formation. However, these patients often fail to achieve peak bone mass 

during puberty [40]. Low aBMD at the lumbar spine was associated with low body mass 

index (BMI) and increased cumulative glucocorticoid exposure, important confounding 

factors to consider [39, 41 ]. Vertebral compression fractures have been reported in pediatric 
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patients with IBD even before treatment [39,41,42]; however, these studies came from an era 

before biologic and immune modulating therapies were first-line. Other studies suggest that 

patients with IBD are not at increased risk for fracture [43,44]. There are no known studies 

that associate aBMD with fracture risk in pediatric IBD patients. Expert consensus 

guidelines recommend obtaining DXA bone density measures at presentation in pediatric 

patients with IBD and continued monitoring via repeat scans every 1 to 2 years [45]. 

Treatment of IBD with biologics that target the inflammatory cascade show promising 

effects on bone turnover and bone density [46]. As these therapeutics become the mainstay 

of treatment for inflammatory conditions, it may be that patients are less likely to suffer 

impaired bone mineralization as a sequela of their underlying disease.

4.3. Glucocorticoid use

Glucocorticoids are used to treat many chronic diseases, including IBD, juvenile idiopathic 

arthritis, cystic fibrosis, asthma, and Duchenne muscular dystrophy (DMD) [47]. Long-term 

glucocorticoid use has been associated with low BMD, as well as increased fracture risk in 

adults [48]. Studies in children are limited, but one study found children exposed to more 

than four rounds of glucocorticoid therapy had an increased risk of fracture [49]. Vertebral 

fractures occur in pediatric patients receiving higher doses (>0.5 mg/kg/day) of 

glucocorticoids at a prevalence rate of about 6% [50]. Spine aBMD is significantly lower in 

children on chronic glucocorticoid therapy compared to healthy children, but the 

confounding effects of underlying disease are unknown [51].

Specific recommendations for DXA monitoring in pediatric patients receiving 

glucocorticoid treatment varies by underlying condition and duration of use. Liu et al. 

recommend obtaining baseline DXA measures for children who will be receiving > 3 

months of glucocorticoid therapy [52]. Follow-up screening is recommended for 6 to 12 

months after initiation of therapy. The American College of Rheumatology has 

recommended monitoring of all children and adolescents receiving glucocorticoids for a 

duration of 3 months or longer [53]. Interpretation of DXA results in children on chronic 

glucocorticoids is challenging as these agents are known to also impair linear growth and 

delay puberty. The considerations in interpretation of these results will be discussed in a 

later section.

4.4. Hormone deficiencies secondary to oncology treatments

The Children’s Oncology Group recommends baseline aBMD screening by DXA by 18 

years of age for childhood cancer survivors, or 2 years after the completion of therapy for 

patients who received treatments known to affect BMD [54]. These treatments included 

methotrexate, glucocorticoids, or hematopoetic cell transplantation [55]. No follow-up scans 

are necessary if bone density is found to be normal, unless there are other clinical 

indications such as a non-traumatic fracture [56]. Cranial radiation exceeding 24 Gy/year is 

known to have deleterious effects on bone, and aBMD is lower in childhood cancer survivors 

compared to healthy controls [57,58]. However, this amount of cranial radiation is known to 

increase the risk of pituitary hormonal deficiency, including growth hormone and 

gonadotropin deficiency. Few studies have been able to examine the effects of radiation 

alone on bone.
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In the setting of childhood cancer, the etiology of low aBMD is multifactorial and includes 

consideration of treatment exposures, nutritional status, limited physical activity, hormone 

disruption, and chronic inflammation [59,60]. As new treatments for childhood cancer are 

frequently being introduced, we encourage clinicians to consider the implications of each 

treatment on bone health. DXA screening for pediatric patients on these or other agents with 

unknown effects on bone may be warranted.

4.5. Malnutrition & malabsorption

Malnutrition can be a consequence of many chronic conditions in pediatric patients. 

Malnutrition does not simply mean inadequate total caloric intake for energy demands or 

being underweight, but also applies to insufficient intake of calcium, vitamin D and/or 

protein. Anorexia nervosa, an eating disorder with a high prevalence in adolescents, is an 

example of malnutrition in the absence of other disease, with features that may also apply to 

other conditions, especially those diseases that are accompanied by malnutrition. Low 

aBMD has been found in patients with anorexia nervosa, [61,62], but only one study has 

correlated aBMD with fractures [63]. The American College of Radiology currently 

recommends DXA use in girls and adolescents with anorexia nervosa or other eating 

disorders [64]. Females with a restrictive eating disorder and a history of hypothalamic 

amenorrhea are at increased risk for low bone density as low lean body mass was a 

significant predictor of bone loss, independent of the effects of estrogen [65]. In the context 

of other diseases, malnutrition can affect both males and females and should be considered 

among other risk factors as an indication for DXA screening measurements of bone density.

Malabsorption of nutrients is associated with IBD, chronic kidney disease, cystic fibrosis, 

and other conditions, often in combination with other risk factors, such as glucocorticoid 

use. In short bowel syndrome, a model of malabsorption alone, decreased bone mineral 

content and low bone mass are often seen [66].

4.6. Immobility

Weight-bearing physical activity is vital for bone formation [67,68], and conversely, 

inactivity can lead to weakened bones and low BMD [69]. In children and adolescents with 

paralysis, muscular dystrophy, or cerebral palsy among other disease associated with 

impaired mobility, this is of particular concern. Many of these diseases include concurrent 

risk factors for bone health, such as malnutrition and growth hormone deficiency, and all risk 

factors must be evaluated together.

Cerebral palsy (CP), a group of permanent movement disorders of varying degrees, 

highlights the effect of limited mobility in pediatric patients. BMD is frequently low in these 

children [70] and correlates with ambulatory status [71]. Fracture risk is higher among 

children with CP, specifically at the distal femur [72]. DXA scans of the distal femur have 

been shown to predict fracture risk in children with CP and are thus recommended for 

monitoring bone health in these patients [18,73], particularly in patients undergoing any 

intervention for improvement of BMD, such as weight-bearing activities or bisphosphonate 

treatment.
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In summary, there are several important mechanisms by which chronic disease in childhood 

can have significant bone health effects. We have highlighted categories of diseases where 

DXA measurements of bone density and body composition may be indicated. While DXA 

monitoring may be useful to identify which children with a given chronic disease are at risk 

for poor bone health and fracture, clinicians need to be cognizant of the limitations to DXA 

use in these populations including improper positioning due to contractures or invalid results 

due to instrumentation (e.g., spinal rods, feeding tubes). In addition, while radiation 

exposure from a DXA scan is low, these children often undergo many other imaging 

procedures in the course of their disease thus one must be aware of the potential cumulative 

radiation exposure. Using these examples as guidelines, and with good clinical judgment, 

clinicians can assess the mechanism of a disease to determine whether a patient’s bone 

health is at risk, and ordering DXA scans is indicated.

5. Interpretation of pediatric DXA scans

5.1. Nomenclature for DXA reports

Interpreting DXA scans in children and adolescents is a complex process [74]. Children are 

growing and thus mineral is being accrued as the bones increase in length and width. The 

bone map that is generated at the time of a DXA appointment is constantly enlarging and 

changing shape, consistent with normal growth and development. As a result, however, the 

data can be more difficult to interpret, compared to similar measures in adults. BMD 

increases well into the second and even third decade of life when peak bone mass is 

achieved [75]. In adults, a T-score is reported which compares the patient’s aBMD to that of 

healthy young adults ages 20–30 years, representing a time when peak bone mass is reached. 

In children, it is inappropriate to use T-scores as peak bone mass has yet to occur, even 

though scanners often generate them. Instead, a comparison to an age, sex, and race matched 

reference range or Z-score is recommended. Through the work of the Bone Mineral Density 

in Childhood Study and others, these references ranges have been developed [1,3,5–8]. Due 

to differences in scanning protocols and varying projectional errors between machine 

manufacturers, crosscalibrations to allow conversion of DXA data obtained from one 

machine manufacturer to another has not been successful [9]. Therefore, the current 

recommendations are to obtain longitudinal scans on the same type of DXA machine and 

follow the manufacturers algorithm for calibration with software updates.

When the child’s aBMD Z-score is ≤−2.0, the appropriate terminology is “low bone mass or 

bone mineral density for age”. As discussed previously, DXA Z-scores alone cannot be used 

to diagnosis osteoporosis in children and thus this terminology should not appear in the 

pediatric report without clear evidence of skeletal fragility in the child’s history. Similarly, 

the term “osteopenia” is commonly used in adults to describe an aBMD T-score between 

−1.0 and −2.5. However, it is never appropriate to use this term to describe a pediatric bone 

density [10].

5.2. Adjustments for stature

The effects of linear growth and pubertal development on the skeleton must be considered 

when evaluating BMD. Many chronic diseases or the treatments for these diseases result in 
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poor growth and delayed puberty. When DXA scans are ordered in children with these 

conditions, the standard Z-score only considers the age and sex of the child. Because BMC 

and aBMD are highly influenced by bone size, short children may appear to have low aBMD 

Z-scores if an additional adjustment for their height or pubertal status is not made [76,77]. 

Table 1 summarizes the many proposed methods to correct for height or pubertal status [9, 

78–84]. No method adequately addresses all the potential concerns; no single adjustment 

technique is recommended. Instead, it is important that clinicians are aware of the need to 

make an adjustment in certain clinical scenarios and choose the method that best addresses a 

given patient’s need. Regardless of method selected, clinicians need to be aware that none of 

these methods have been validated in terms of incident fracture prediction. However, lumbar 

spine BMAD was associated with an increased odds of vertebral fractures (odds ratio 9.3, 

CI: 5.3–14.9) whereas TBLH-BMC adjusted for both height and lean tissue mass was 

associated with an increased odds of long bone fractures (odds ratio 6.5, CI: 4.1–10.2) [79].

6. Other assessments with DXA imaging: the future of DXA in pediatrics

6.1. Vertebral fracture assessment

Non-traumatic vertebral compression fractures are sufficient to make the diagnosis of 

osteoporosis in children [85] and are not uncommon in certain disease populations. The gold 

standard for the diagnosis of these fractures is a spinal radiograph; however, vertebral 

fracture assessment (VFA) is a method where a DXA scan can be used to identify moderate 

(grade 2) and severe (grade 3) compression fractures with high sensitivity in adults [86]. In 

pediatrics, there have been few studies validating VFA to diagnosis VCFs. Early studies 

were disappointing as the resolution of older DXA machines were inadequate to visualize 

clearly the vertebrae of children. However, newer literature has been promising. Kyriakou et 

al. found VFA to be highly reproducible and accurate for detecting compression fractures in 

children with a variety of primary and secondary bone diseases, as well as have a high 

positive predictive value (90%) and high negative predictive value (95%) [87]. VFA exposes 

the patient to less radiation than the standard radiograph and can be done at the same time as 

a routine DXA measure (i.e., aBMD measure of the anteroposterior spine), decreasing risk 

and saving time, important factors when considering a screening measure in pediatrics. 

However, VFA is not without limitations. Assessment of vertebral bodies in the mid-thoracic 

region is still suboptimal in all age groups and while scan quality has improved, readability 

is limited in younger children. Further studies are needed to validate the findings of this 

group and also determine the utility ofVFA for detecting incident fractures in at risk 

pediatric populations.

6.2. Trabecular bone score

While the ISCD criteria for diagnosing osteoporosis in pediatric patients requires a low 

BMD Z-score in the setting of long bone fragility fractures, it is recognized that many 

patients with fragility fractures have BMD measures >−2.0. Thus, additional factors, such as 

microarchitecture and bone morphology influence fracture risk. Trabecular bone score 

(TBS) is a method that uses the lumbar spine DXA image gray-scale pixel variations to 

generate an estimate of trabecular microarchitecture. TBS is associated with vertebral and 

nonvertebral fractures [88] and is useful in fracture risk assessment of adults with secondary 
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osteoporosis [89,90]. Published TBS data in children are limited. In healthy adolescents, 

TBS was positively correlated with age and spinal aBMD in females, whereas in males, 

spinal BMC, lean mass and fat mass were the independent predictors ofTBS in a 

multivariate analysis [91]. One study of adolescent girls with anorexia nervosa found spinal 

TBS to highly correlated with aBMD Z-scores at several skeletal sites, as well as trabecular 

BMD and the stress strain index obtained by pQCT of the distal tibia [92]. The major 

limitation ofTBS use in pediatrics is the lack of available reference data and until those data 

exist, the additional value TBS provides to traditional DXA measures is unknown.

7. Conclusions

DXA imaging has provided pediatric bone experts with an excellent tool to assess bone 

health in children. While there are limitations to the use of this modality in young patients, 

significant advancements over the last several decades have improved the utility of DXA 

measures to guide clinical care for children with disorders of bone mineralization. DXA 

assessments will certainly continue to play a significant role in future research aimed at 

understanding bone development and their impact on ultimate fracture risk, both during 

childhood and into the adult years.
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Fig. 1. 
The multifactorial causes of impaired bone mineralization are shown which may occur in a 

variety of pediatric chronic illnesses. This figure is not meant to be exhaustive, but to 

encourage clinicians to think of overlapping mechanisms impacting bone formation and 

resorption during childhood and adolescence. Key pathophysiologic mechanisms are 

highlighted.
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