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Abstract: Scoliosis is a deformity of the spine in all three planes. The most common types emerge in otherwise healthy children during adolescent growth. Spine imaging is required for diagnosis and surveillance to determine whether the deformity is progressing. Epidemiologic studies that looked at the long-term effects of receiving multiple spine x-rays in childhood showed a concerning increase in adult malignancy. However, many of those studies were based on exposure from x-ray equipment 50 or more years ago. This paper examines the current risk of receiving necessary spinal x-rays using modern equipment and up to date exposure recommendations from the leading medical organizations. Using example treatment scenarios, children are receiving x-ray exposure that is well below the safe limits. Results show that cumulative radiation doses in adolescents with typical AIS range from 2.04 – 12.21 mSv, a safe cumulative dosage, while the most extreme cases would reach up to 28.45 mSv, a slight increase in risk.
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1. Introduction
Scoliosis is a condition in which the curvature of the spine in the frontal plane is greater than 10° (as measured by the Cobb Angle) and is accompanied by rotation of the spinal column in the axial plane. Scoliosis can be classified into subtypes, including early onset, neuromuscular, syndromic, congenital, and even degenerative scoliosis in older adults [1]. Adolescent Idiopathic Scoliosis (AIS) is the most common form of scoliosis, accounting for 80-85% of all case types in children and young adults. The prevalence of AIS with a Cobb angle >10° in the general population is about 3%, but only one in ten of those patients have progression of their curve to a magnitude that requires treatment. The female to male ratio is 1.4:1 in small curves, but as high as 9:1 in larger curves, with the risk of curve progression also significantly higher in females than in males [2].

When children experience a growth spurt, the risk of curve progression is at its highest, making it important to diagnose the condition in its early stages. When caught early, the curve is carefully monitored by periodic physical examination and spinal x-ray. AIS is usually first noticed by the patient or caregivers, during school-based scoliosis screening, or as an incidental finding during pediatric physical examinations [3].

In patients with AIS, the risk of curve progression is based on age, gender, skeletal maturity, and curve magnitude, with larger curves in younger female patients carrying the highest risk. Approximately two-thirds of skeletally immature patients will progress to some extent before they reach skeletal maturity [1]. Research continues to define each of these factors in the development of a more accurate predictive model. Until curve progression can be predicted in each patient, surveillance remains a very important part of patient care [4-6].

Surveillance for curve progression consists of regular clinical appointments for physical examination and scheduled radiographic imaging. The goal of surveillance is to catch curve progression and offer treatment before the Cobb Angle reaches 40°. Curves that reach 50° are often candidates for surgical intervention. Treatment to prevent surgery consists of rigid bracing of the trunk to harness the remaining growth, and scoliosis-specific physical therapy exercises focusing on elongation of the spinal posture and de-rotation of the curve. The frequency of follow-up visits and x-rays depends on the severity of the spinal curve and the skeletal maturity of the patient. In younger children with more growth remaining, patients are observed radiographically every 4-6 months until skeletal maturity. In children with little growth remaining, patients are observed radiographically every 6-12 months until skeletal maturity [1]. We sought to understand, gthe need for surveillance and radiographic follow up in this population, do these necessary x-rays pose harm to the patients due to repeated exposure?

Due to the need for repeat radiographic imaging for monitoring of the spinal curve progression, concern has been raised over the harmful effects of x-ray radiation on the developing bodies of children. Ronckers et al. studied 5,513 females who were exposed to an average of 22.9 radiographs during treatment and follow up of scoliosis between 1912-1965. The findings showed that the risk of early mortality was 46% higher than in the general population. Cancer was the primary cause of death in 23% of patients, with breast cancer being the most common type [7]. This increased morbidity and mortality was attributed to the x-rays they had received as growing children. Ronckers calculated the median value for the cumulative dose of radiation to the breast at 100-150 mSv (millisieverts), or about 4.4 to 6.6 mSv per radiographic image. Imaging equipment used much higher doses of radiation in the mid 1900’s, amounting to more than a 50-fold increase in what a person would receive from a chest x-ray today [7]. The researchers acknowledged this limitation, but the increased cancer risk attributed to scoliosis surveillance still caused great concerns among many clinicians.
 
In the years since radiation exposure has been known to be harmful, the US Government has placed limits on the amount of patient radiation exposure. Those limits have been revised and have decreased throughout the last several decades. Prior to 1950, the limit was 250 mSv per year; after 1950, it was lowered to 150 mSv; since 1957, the limit has been 50 mSv per year [8]. Each change in recommendation was based on new information about the damaging effects of radiation on humans, as well as the development of radiographic techniques that required less radiation. Meanwhile, Thorne reported that the dose limit under which there are no negative consequences to radiation exposure is 10 mSv per year [9]. Using these guidelines, a yearly limit of 10 mSv would be ideal, but up to 50 mSv would be the limit when repeated imaging was medically necessary. 

More recent studies have examined the cancer risk in patients with exposures greater than 15 mSv. Smith et al. looked at children who had developed hematologic cancer after previous radiation exposure from CT scans and found that 15-30 mSv exposure was associated with a 1.8-fold increased risk. This increased to a 2.5-fold risk for exposures >30 mSv [10].  Brenner et al. found that total radiation doses in the 50-100 mSv range causes a measurable increase in cancer incidence [11]. It is also known that children are more sensitive to radiation than adults because of their developing organs and tissues, resulting in higher excess relative risk of leukemia (70 per 1000 mSv), brain cancer (0.7-1.4 per 1000 mSv), breast cancer (0.5-1.3 per 1000 mSv), skin cancer (2-4 per 1000 mSv), and thyroid cancer (7.7 per 1000 mSv) [12]. Ron et al. found that children under 5 years of age who received radiation exposure were significantly more prone to develop thyroid tumors than older children, with 90 mSv in children <5 years old conferring a 3.0 relative risk compared to children >10 years old, demonstrating this greater risk of cancer when exposed to radiation at a younger age [13].

The positioning of the patient during radiographic spine imaging is also important in reducing the harmful effects of radiation. In female patients, breast tissue absorbs more damaging radiation when an AP x-ray is taken compared to a PA x-ray. A study done by Nash et al. found that females with AIS who had about 22 AP and lateral spine films taken during a 3-year period had a 10% increased lifetime risk of breast cancer. When PA films were taken rather than AP films, this risk was reduced to 3.8% [14]. 

In 2022, the US Nuclear Regulatory Commission reported that the average annual dose of background radiation exposure is 6.2 mSv for most people on earth. Of that dose, half (3.1mSv) comes from natural radiation from the sun which can vary at different altitudes, and from naturally occurring radon gas released from the ground.  The rest of our background radiation exposure comes from man-made sources such as radiographic imaging, commercial, and industrial sources [15].

Over the last several decades, a number of organizations have weighed in on what level of radiation exposure from imaging is safe. The Centers for Disease Control (CDC) published a radiation safety guideline called ALARA, which is an acronym for “As Low As Reasonably Achievable.” Its purpose is to avoid any amount of radiation that is not necessary to produce the imaging. The three protective measures outlined are the time of the exposure, the distance from the radiation source, and the shielding of parts of the body that do not need to be included in the image [16]. The US Food and Drug Administration (FDA) refer to the CDC ALARA guidelines in its recommendations, especially when dealing with pediatric patients [17].

The American College of Radiology produced a white paper on radiation dose in medicine.  They show that radiation exposure has increased 7-fold in the US over the last 40 years due to the increased use of imaging studies, despite the lower dose of radiation exposure per study.  Myocardial perfusion imaging accounted for 22% of the total increase, and CT scans of the abdomen, pelvis and chest accounted for another 38%. Radiological imaging in the US makes up about 12% of all imaging studies worldwide [18].

Non-governmental organizations have also published guidelines. The Image Gently Alliance is a group of pediatric imaging clinicians who have published guidelines for both clinicians and parents.  To make the information understandable to non-clinicians, they compare common pediatric imaging exposures to the yearly background radiation that we all receive, explaining that a single chest x-ray with modern equipment is equal to only one day of background radiation [19]. Similarly, a head CT is equal to 8 months of background radiation, and an abdominal CT is equal to 20 months.  They state that there is no consensus for the threshold of radiation exposure in pediatrics, so the principle is to always image as little as possible without compromising the quality of care. Their estimate is that a single CT scan only increases the cancer risk later in life by 0.03 to 0.05%. They warn that some imaging facilities use the same dosage protocols for children and adults, and advocate for the adjustment of those protocols to account for the smaller pediatric patient size. The potential use of non-radiographic studies such as ultrasound and MRI is also explained [19].

International institutions, such as the World Health Organization (WHO) and the International Commission on Radiological Protection (ICRP), have also made recommendations. The WHO has studied the effects of short-term and long-term radiation exposure in populations, and describes the acute radiation syndrome in doses greater than 1000 mSv. They recognize the increased sensitivity to radiation in children, and describe the effects based on age groups. They recommend childhood exposure to be no greater than 50-100 mSv because of increased risk of cancer, and they stress that exposure during pregnancy of 100 mSv at 8-15 weeks of gestation and 200 mSv at 16-25 weeks of gestation can result in significant fetal brain damage [20]. The ICRP updated its recommendations in 2007 and described limits for both occupational exposure and patient exposure. In the occupational setting, their dose limit is 20 mSv per year averaged over 5 years, while in the patient setting it is 1 mSv per year averaged over 5 years. They also provide exposure limits for different parts of the body, with skin being 500 mSv per year, and hands/feet being 500 mSv per year in the occupational setting [21].

The US Occupational Safety and Health Administration (OSHA) provides similar guidelines for US healthcare workers. They require employers to measure employee exposure on a daily basis, and report these exposure levels to the federal government. Limits include 12.5 mSv to the whole body per quarter, and 187.5 mSv per quarter for hands and forearms. They allow for a healthcare worker to exceed these limits in certain situations, but only if the single quarter exposure remains below 30 mSv to the whole body. These recommendations have not been revised since 1971, however [22].

In an effort to reduce radiation exposure in medical imaging, new techniques and technology have been introduced. EOS Imaging (TM) is a company producing a new method of radiologic imaging that reduces radiation exposure through slit-scan photon emission and low-dose and flex-dose technology that changes the dose amount dependent on the part of the body [23]. Rose et al. measured the radiation dose of spinal x-rays in 206 children with scoliosis and found that plain film gave a total mean dose of 0.68mSv (PA plus lateral views) while EOS scans gave a total mean dose of 0.13 mSv (PA and lateral taken at the same time) [24]. One study showed that children with large curves in the surgical range have a mean of 12.2 (95% CI, 10.8-13.5) full-spine radiographs per year during treatment [25]. Therefore, the number of radiographs in these more severe cases would yield 8.16 mSv per year using plain x-rays or 1.56 mSv through EOS scans. (Table 1)

Table 1. Comparison of radiation dose using different methods
	Method
	PA + Lateral image
	1 per year
	4 per year
	12 per year

	Plain Film
	0.68 mSv
	0.68 mSv
	2.72 mSv
	8.16 mSv

	EOS scan
	0.13 mSv
	0.13 mSv
	0.52 mSv
	1.56 mSv

	Target Dose
	Less than 10 mSv per year



Both these radiographic techniques fall under the 10 mSv per year limit, in which Thorne suggests there are no negative consequences [9], as well as below the 50 mSv federal limit. In cases where the curve magnitude is smaller, less radiographic images are required per year, and the annual dose of radiation for these patients would be well below the recommended limit. While the safest dose of radiation is always the lowest possible dose, the tradeoff between the lower dose of radiation using EOS and the higher cost of the EOS equipment must be considered.

2. Materials and Methods
In order to calculate whether children with scoliosis are receiving radiation doses that are within the safe limits recommended by the different organizations described above, a series of typical patient scenarios were created to estimate the total treatment dosage each would receive.  Each case represents a common type of scoliosis patient entering treatment based on the age that their spinal deformity was discovered:   

A 3-year-old child with early onset scoliosis could need up to 4 x-rays per year until they are 18 years old. Over the course of 15 years, this child would receive 25.5 mSv from plain films, which is about 1.7 mSv per year, accounting for exposure that is comfortably below the 10 mSv limit suggested by Thorne. However, if this child requires surgery and received 2 pre-operative CT scans (0.942 mSv each), intraoperative fluoroscopy, and a post-operative CT scan, the total dose would rise to 28.45 mSv. 

An 11-year-old child with moderate AIS that needs 3 x-rays per year until age 16 would receive 6.8 mSv across 5 years, or 1.36 mSv per year. 

A 12-year-old child with AIS whose curve is worsening needs 4 x-rays per year, receiving 1.7 mSv per year. When this child undergoes surgery, they could receive 1 pre-operative CT scan, intraoperative fluoroscopy, and 1 post-operative CT scan, bringing their total dose to 12.21 mSv. 

A 14-year-old child with a small curve that needs 1 x-ray per year until age 16 would receive 2.04 mSv across 3 years, or 0.68 mSv per year.
3. Results
Table 2.  Calculation of radiation doses in example cases
	Example Case
	X-rays
	CT scans
	Intraoperative Fluoroscopy
	Dose per year
	Total Dose

	3-year-old with early onset scoliosis operative category
	4 per year

	2 pre-op, 1 post-op

	Yes
	1.7 mSv
	28.45 mSv

	11-year-old with AIS who is immature
	3 per year

	-
	-
	1.36 mSv
	6.8 mSv

	12-year-old with worsening curve, operative category
	4 per year

	1 pre-op, 1 post-op

	Yes
	1.7 mSv
	12.21 mSv

	14-year-old with small curve

	1 per year

	-
	-
	0.68 mSv
	2.04 mSv



4. Discussion
In these examples, all patients would receive a radiation dose from x-rays that falls under the safe parameter of 10 mSv/year set by Thorne, as well as the federal limit. For mild to moderate curves, the total dose of x-ray during the course of treatment is also very low. In the case of younger patients who need more imaging over a longer period of time, the total dose of radiation is higher. The clinician might ask how a treatment dose of 25 mSv of radiation would change the level of risk. For comparison, during that 15-year treatment period, the patient would be exposed to 46.5 mSv of radiation from the sun and radon gas. Although the additional 25 mSv is not ideal, it is just half of what we experience every day on earth. If an EOS scanner was used of standard x-ray, that 25 mSv dose would be reduced to 4.8 mSv. Cases such as this one would pose the strongest argument for the use of EOS, despite its higher cost. 
5. Conclusions
AIS will always raise concerns among patients and their parents, and when repeated x-rays are used to monitor curve progression, there will always be a question of whether the radiation dose will prove to be harmful in the future. While radiation should always be used sparingly in growing children, this analysis of the evidence shows that the risk of medically necessary x-rays in 2026 is likely very low. Studies, like those of Ronckers, were critical in pointing out the long-term effects of higher radiation exposure and helped drive clinical medicine to improve technology and reduce exposure. Notably, studies that measure post-radiation effects from half a century ago do not represent the current level of risk. Applying modern equipment and implementing today’s limits for re-calculation, it is very likely that those patients would have received less than a tenth of the recommended dose.

 Using the analysis from this paper, a clinician could calculate the expected radiation exposure for a patient in their care, which could help parents understand the improvements that have been made in technology and safety in radiologic imaging. A comparison could be made between standard and EOS imaging to assist in decision-making about which technique should be used.  Increased transparency about the actual risks of medical treatment will improve patient understanding, enhance the quality of medical discussions, and strengthen the consent process.
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