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Purpose: Radiofrequency echographic multi-spectrometry (REMS) is an ultrasound technology currently used for 
the densitometric evaluation of osteoporosis and has been validated against dual-energy X-ray absorptiometry. 
However, the use of REMS for bone densitometry in patients with severe motor and intellectual disabilities 
(SMID) remains to be reported. This study aimed to investigate whether REMS technology can be used for 
densitometric evaluation of osteoporosis in patients with SMID with hip dislocation and severe scoliosis. 
Methods: Sixty-five patients with SMID, who resided in a long-term care facility and received comprehensive 
medical and rehabilitation care, underwent REMS scans of the femoral neck and/or lumbar spine. Data regarding 
anthropometric parameters (height and weight), bone mineral density (BMD), clinical diagnostic classification, 
physical ability, presence of scoliosis and hip dislocation, and frontal radiographs of both hip joints were 
obtained. 
Results: We included 29 men and 34 women (mean age: 52.6 years). All patients underwent successful scanning 
at either the femoral neck (82.5 %) or lumbar spine (95.2 %). BMD measurements obtained using REMS revealed 
low values, with a mean BMD, T-score, and Z-score of 0.67 g/cm2, − 2.39 standard deviation (SD), and − 1.38 SD, 
respectively, at the femoral neck and 0.66 g/cm2, − 2.70 SD, and − 1.87 SD, respectively, at the lumbar spine. 
The average Cobb angle of the lumbar spine was 34.0◦; furthermore, dislocation rates did not significantly differ 
between those with and without successful BMD measurements (p = 0.073). Lumbar BMD T-scores were 
significantly correlated with femoral neck BMD T-scores (p < 0.001, r = 0.530). 
Conclusion: All patients with SMID were able to undergo measurements of either spinal or femoral neck BMD; 
furthermore, 77.7 % of the patients underwent measurements at both the lumbar spine and femur. Our data 
suggest that REMS is useful for measuring BMD in patients with SMID who are residing in institutions.   

1. Introduction 

Osteoporosis, a disorder of bone metabolism characterized by the 
loss of bone mass and changes in the macro- and microstructure of 
skeletal tissues, is a major cause of non-traumatic or low-energy trauma 
fractures commonly known as fragility fractures (Lane et al., 2000; 

Matcuk Jr et al., 2016). This condition can be primary, resulting from 
age-related changes such as the effects of menopause in women, or 
secondary, resulting from cancer, metabolic diseases, nutritional disor
ders, or immobility (Polymeris et al., 2013). 

Osteoporosis diagnosis relies on bone mineral density (BMD) mea
surement, which is expressed as real BMD (g/cm2) or volumetric BMD 
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(g/cm3) (Fuggle et al., 2019). Dual-energy X-ray absorptiometry (DXA) 
is the clinical reference technique for BMD evaluation (Anthamatten and 
Parish, 2019; Liu et al., 2019). DXA measures X-ray attenuation passing 
through tissues, with BMD being calculated from this attenuation (Ishizu 
et al., 2024). Osteoporosis diagnosis involves comparison of individual 
results with a T-score obtained from a healthy reference population 
(Borgström et al., 2020; Kanis et al., 2019). DXA is the main method for 
BMD measurement in osteoporosis (El-Hajj Fuleihan et al., 2017; Carey 
and Chih-Hsing, 2022); however, it may yield falsely elevated values in 
the lumbar spine of patients with scoliosis due to the curve magnitude 
and osteophyte presence (Bessant and Keat, 2002; Pappou et al., 2006). 
Furthermore, femoral rotation may affect femoral neck BMD (Rose
nthall, 2004). In Japan, the term severe motor and intellectual disabil
ities (SMID) refers to limited physical function (bedridden or sedentary) 
and an intelligence quotient ≤35. Patients with SMID experience severe 
osteoporosis secondary to immobility and nutritional disorders (Frighi 
et al., 2019; Sakai et al., 2020). As fragility fractures occur in ≈5 % of 
these patients annually (Morishita et al., 2015; Hagino et al., 2022), they 
require treatment for osteoporosis. BMD measurement is specifically 
required to assess osteoporosis severity, select osteoporosis treatment, 
and evaluate the efficacy of this treatment. However, patients with SMID 
are limited in terms of physical activities and often live in institutions, 
which impedes regular hospital visits for DXA measurements. They also 
typically have muscle tone impairment of either the hypertonic or hy
potonic type as well as a bent or twisted trunk caused by spasticity, 
which is difficult to treat. This often results in severe scoliosis, hip joints 
with a limited range of motion, and long-term hip dislocation (Rutz and 
Brunner, 2013; van Timmeren et al., 2016; Huser et al., 2018; Yoshida 
et al., 2018). 

Radiofrequency echographic multi-spectrometry (REMS) is a newly 
developed technique that analyzes bone quantity and quality using a 
non-ionizing approach based on an analysis of the backscatter of the 
ultrasound signal (Cortet et al., 2021). In this study, BMD was calculated 
using REMS to generate a patient-specific spectrum of a bone of interest. 
Subsequently, this BMD measurement was compared to a proprietary 
database of reference ultrasound spectral models. The corresponding T- 
score and Z-score values were then derived using a normative reference 
database (National Health and Nutrition Examination Survey). This 
method has been validated by several studies focusing on specific age 
groups (Di Paola et al., 2019; Bojincă et al., 2019; Adami et al., 2020; 
Kirilova et al., 2019). Moreover, the diagnostic accuracy of REMS 
compared with that of DXA has been investigated in a European 
multicenter clinical setting, which showed a very high correlation be
tween the BMD and T-score values measured using DXA and REMS in a 
population of women aged 30–90 years. REMS showed excellent per
formance in the identification of patients with osteoporosis in the lum
bar spine and femoral neck, with sensitivity and specificity values above 
90 %, a positive predictive value of 82 %–86 %, and a negative pre
dictive value of ≥97 % (Cortet et al., 2021). Furthermore, REMS has 
been shown to be a reliable diagnostic method for osteoporosis in men 
(Adami et al., 2024). 

Accordingly, the present study aimed to investigate whether REMS 
could be used to measure BMD of the spine and femoral neck in patients 
with SMID, who frequently present hip dislocation and severe scoliosis, 
and to establish a method for measuring BMD in patients whose bone 
morphology hampers the use of DXA. 

2. Materials and methods 

2.1. Patients and measurements 

For this single-center, cross-sectional, observational study, we 
recruited patients admitted to Akitsu Ryoikuen (Tokyo, Japan), which is 
a facility offering disability care. This facility provides long-term care for 
patients with SMID, offering appropriate medical and rehabilitation 
services. The inclusion criteria were as follows: enrollment in Akitsu 

Ryoikuen, age ≥ 20 years, and provision of written informed consent 
from the patients themselves or their families. Patients for whom signed 
informed consent was not provided by themselves or their families were 
excluded. 

From May 2023 to December 2023, patients underwent BMD mea
surements using REMS scanning of the spine and femoral neck. 
Anthropometric parameters (height and weight), clinical diagnostic 
classification, physical ability, and the presence of scoliosis and dislo
cation were assessed. Additionally, frontal radiographs of both hip joints 
were obtained. At the facility, the progression of scoliosis in the hip 
joints and spines of these patients is studied every other year using 
longitudinal and bilateral frontal radiographs of the hip joints. Radio
graphs obtained within the past 2 years were used to investigate the 
presence of scoliosis and hip dislocation. The Cobb angle was defined as 
the angle between the extension line of the upper endplate of the top- 
most inclined vertebral body and the extension line of the lower end
plate of the bottom-most inclined vertebral body in a curved segment of 
the spine on radiography. The Cobb angle was set at 0◦ in patients 
without scoliosis. 

REMS measurements were performed as described by Di Paola et al., 
2019). 

Patients with SMID typically exhibit a flexed or twisted trunk due to 
severe spasticity. When imaging the lumbar spine, this posture may be 
limited by scoliosis, hip contracture, or hip dislocation. In such cases, a 
stable supine position with a cushion, which is commonly used in daily 
life, was employed for imaging on a case-by-case basis. Femoral imaging 
is often conducted with the patient in a flexion contracture position, 
regardless of the presence of dislocation. In cases of unilateral hip 
dislocation, imaging was focused on the non-dislocated hip, while im
ages were captured on both sides in cases of bilateral high hip 
dislocation. 

REMS scans of the lumbar spine and proximal femur were performed 
using an EchoStation echographic device (Echolight Spa, Lecce, Italy). 
Automatic REMS data processing was performed as previously described 
(Di Paola et al., 2019). Scanning of the lumbar spine involved moving 
the convex probe transabdominally along the L1–L4 vertebrae in 
accordance with the instrument software user manual (EchoStudio; 
Echolight Spa). Conversely, proximal femoral scans were performed by 
positioning the convex probe parallel to the femoral head-neck axis in 
order to visualize the interface between the femoral head, neck, and 
transverse plane. For each acquisition, the operator set the transducer 
focus (range 21–100 mm) and scan depth (range 60–210 mm) to visu
alize the target bone interface (i.e., the vertebral surface or the femoral 
neck) at approximately half of the reconstructed B-mode image depth. 

The study variables encompassed the patients’ age, sex, height, 
weight, presence of hip dislocation, Cobb angle for scoliosis assessment, 
and success rate of REMS measurement at the femoral neck. Addition
ally, we included BMD, T-scores, and Z-scores obtained using REMS of 
the femoral neck. Furthermore, we incorporated the success rate of 
REMS measurement at the lumbar spine along with BMD, T-scores, and 
Z-scores available using REMS of the lumbar spine. 

2.2. Statistical analyses 

Patients were divided into two groups: those with and without suc
cessful BMD measurements of the femoral neck. Age, sex, height, 
weight, and the presence or absence of hip dislocation were compared 
between the groups. The Mann–Whitney U test was used to examine 
significant between-group differences in the continuous coefficients of 
age and Cobb angle. Fisher’s exact test was used to determine statisti
cally significant associations between successful REMS measurement 
and the presence of hip dislocation. We calculated Pearson’s correlation 
coefficients between the T-scores of the lumbar spine and femoral neck 
when both datasets were obtained. The significance level was set at p <
0.05, using the Bell Curve for Excel 2016 (Social Research and Infor
mation, Inc., Tokyo, Japan). 
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An a priori power analysis was conducted using G*Power (Faul et al., 
2009), based on a χ2 test, with an effect size = 0.4, alpha value = 0.05, 
and power (1 - beta probability) = 0.80. Accordingly, the sample size 
was calculated to be 50. The post-hoc power analysis was based on a χ2 

test with an effect size = 0.530, alpha value = 0.05, and sample size =
63. Therefore, the power of this study was 0.99. A post-hoc power 
analysis revealed that the sample size used was sufficient to detect sig
nificant differences. 

2.3. Ethics 

This study was approved by the Research Ethics Committee of Tokyo 
Medical and Dental University (approval number: M2022–021, August 
1, 2023) and was conducted in accordance with the principles of the 
Declaration of Helsinki. Written informed consent to participate in the 
study was obtained from the participants or their parents or guardians in 
cases of participants with diminished capacity to provide consent on 
September 6, 2023. 

3. Results 

The Akitsu Ryoikuen facility had 175 institutionalized adult resi
dents (age ≥ 20 years); among them, 635 were recruited for this study. 
All patients underwent scanning of the femoral neck and lumbar spine 
for BMD measurements (Table 1). 

The patient cohort included 29 men and 34 women, with an average 
age of 52.6 years. The clinical diagnostic classifications of the partici
pants in the SMID group were as follows: cerebral palsy (n = 46), 
developmental disorders (n = 10), encephalopathy (n = 5), and genetic 
abnormalities (n = 2). In terms of physical ability, 10 patients could 
walk with assistance, 18 could sit by themselves, and 34 were bedridden. 

The definition of physical disability in patients with SMID is the inability 
to walk. Therefore, the 10 patients who required walking assistance did 
not meet the definition of SMID and were termed “SMID peripherals;” 
however, these patients lived in the same institute and were not 
excluded from this study. Additionally, there were 15 patients with 
previous fragility fractures among the included patients, with none of 
them presenting multiple fractures. Bone densitometry of the lumbar 
spine was successful in 60 patients (95.2 %) and unsuccessful in 3 (4.8 
%) patients (Fig. 1a); furthermore, bone density scanning of the femur 
was successful and unsuccessful in 52 (82.5 %) and 11 (17.5 %) patients, 
respectively. However, BMD at one or the other site could be measured 

Table 1 
Characteristics of the patients.   

Total Lumbar spine Lumbar spine p Femoral Femoral p  

measurement (+) measurement (− ) measurement (+) measurement (− ) 

n. (%) 63 60 (95.2) 3 (4.8)  52 (82.5) 11 (17.5)  
Age        

average ± SD 52.6 ± 12.7 52.1 ± 12.7 61.0 ± 11.5 N/Af 53.8 ± 13.1 48.2 ± 9.8 0.113c 

(range) (22–77) (22–77) (49–72)  (22–77) (32–61)  
Sex (M/F) 29 / 34 28/ 32 1/2  24/ 28 5/6  

Cobb angle (◦)        
average ± SD 34.0 ± 32.9 34.2 ± 33.2 28.3 ± 30.7 N/Af    

(range) (0− 122) (0–122) (0–61)     
Hip subluxation or luxation       0.073d 

n. (%) 19 (29.2)    13 (25.0) 6 (54.5) Cramer’s V: 0.244 
Height (cm)        

average ± SDa 149.3 ± 9 149.7 ± 8.9 143.7 ± 10.4  149.9 ± 7.96 147.6 ± 12.8  
(range) (129–167) (129–167) (132–152)  (131–165) (129–167)  

Weight (kg)        
average ± SDa 39.6 ± 5.3 39.8 ± 5.4 37.3 ± 4.6  40.1 ± 5.3 38.2 ± 5  

(range) (30–55) (30–55) (32–40)  (30–55) (30–47)  
BMD b        

average ± SDa  0.66 ± 0.12   0.67 ± 0.09   
(range)  (0.53–0.87)   (0.61–0.83)   
T-score        

average ± SDa  − 2.70 ± 0.79   − 2.39 ± 0.73  p < 0.001e 

(range)  (− 4.5–1.0)   (− 0.2–3.5)  r = 0.530 
Z-score        

average ± SDa  − 1.87 ± 0.63   − 1.38 ± 0.77   
(range)  (− 0.2–3.2)   (− 1.1–2.8)   

T-score < − 2.5 SD        
n. (%)  39 (65.0)   29 (55.8)   

N/A: The sample size was small; therefore, no statistical analyses were conducted for these variables. 
a SD: Standard deviation. 
b BMD: bone mineral density. 
c Mann–Whitney tests were used to compare variables between the two groups. 
d Fisher’s exact tests were conducted between the two groups. 
e Pearson’s correlations were examined between the T-scores of the lumbar spine and femoral neck. 

Fig. 1. Representative radiographs of patients with severe motor and intel
lectual disabilities 
(a) Cobb angle of 96◦, bilaterally high dislocated hips. (b) Gas retention. 
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in every patient. 
The mean Cobb angle was 34.0◦ (range, 0◦ to 122◦). Among patients 

with successful and unsuccessful measurement of lumbar spine BMD, the 
average Cobb angles were 34.2◦ and 28.3◦, respectively. Among patients 
with successful and unsuccessful femoral BMD measurement, 13 (25.0 
%) and 6 (54.5 %) patients had a hip dislocation, respectively, with no 
significant difference. Furthermore, age did not significantly differ ac
cording to success of lumbar spine or femoral neck BMD measurements. 
The BMD of the femoral neck was notably low (0.66 g/cm2), with cor
responding T-score and Z-score of − 2.31 standard deviation (SD) and −
1.37 SD, respectively. Similarly, the BMD of the lumbar spine was low 
(0.67 g/cm2), with corresponding T-score and Z-score of − 2.71 SD and 
− 1.87 SD, respectively. According to criteria from the World Health 
Organization regarding osteoporosis (WHO Study Group, 1994), if a 
patient has a peak bone mass 2.5 SD below the reference value, their T- 
score is − 2.5 SD, and they are considered to have frank osteoporosis. 

As per our results, ≈65.0 % and 55.8 % of the patients with SMID had 
a T-score of ≤ − 2.5 SD for the lumbar spine BMD and femoral neck 
BMD, respectively. The BMD T-scores for the lumbar spine were 
significantly correlated with those of the femoral neck (r = 0.530, p ≤
0.001) (Fig. 2). 

4. Discussion 

In this study, REMS was successfully used to measure BMD in insti
tutionalized patients with SMID. BMD could be measured in the lumbar 
spine of 95.2 % of the included patients with SMID. These patients had 
an average 34.2◦ Cobb angle deformation of the spine. The Cobb angle 
did not significantly differ between patients with successful and un
successful BMD measurement of the lumbar spine. Successful BMD 
measurement was achieved in the patient with the most severe scoliosis 
and a Cobb angle of 122◦. Therefore, the success of BMD measurement in 
patients with SMID was not related to the severity of scoliosis. Gas 
retention was often observed in the abdomen of patients with SMID 
(Fig. 1b) and could impede bone identification. When intestinal gas 
obscures bone visibility, gentle pressure applied to the abdomen with a 
probe can temporarily displace the gas, allowing bone visualization. In 
patients with severe scoliosis, who have more pronounced abdominal 

displacement, bones might be captured in areas with less intestinal gas 
accumulation. Given the daily variability in gas retention, the success of 
BMD measurement may vary, with successful measurements being 
achievable on different days. 

BMD at the femoral neck was successfully measured in 82.5 % of the 
patients; among them, 25.0 % had hip dislocation. The hip dislocation 
rate was similar between the groups with and without successful femoral 
neck BMD measurement. Femoral neck BMD measurement was feasible 
in 68.4 % and 88.6 % of the patients with and without hip dislocation, 
respectively. However, hip dislocation was not associated with the 
successful measurement of femoral neck BMD. We believe that BMD 
measurement at the femoral neck is impeded by hip flexion contractures, 
which are present in almost all patients. The hip joint is often dislocated 
in patients with SMID owing to high spasticity or low muscle tension. 
During childhood, hips typically maintain a concentric joint position. 
However, they may transition to an eccentric joint position, leading to 
subluxation and eventual dislocation, resulting in severe hip dislocation. 
In many of our included patients, the hips were not in maximum 
extension due to spasticity. Even in those with hips in the concentric 
position, the relationship between the pelvis and femoral neck changed 
in patients who progressed to subluxation or dislocation. While many 
patients with SMID experience muscle impairment, often characterized 
by hypertonic muscles, some may exhibit hypotonic muscles. 

In cases of flexion contracture, most of the femoral neck is present in 
the acetabulum, which interferes with acoustic contact between the 
probe and femoral neck. Therefore, to approach the femoral neck, the 
probe should slide anteromedially along the femur rather than along its 
anterior aspect; furthermore, the femoral neck can be identified by 
moving the probe slightly anteromedially from the anterior face of the 
femur. 

In cases with highly dislocated hips, the femoral heads are typically 
dislocated posteriorly with externally rotated femurs. The femoral neck 
should be approached, the pelvis bypassed, and the probe tilted from the 
superior margin of the greater trochanter of the femur toward the neck 
in the dislocated hip. This approach should be planned based on ra
diographs to ensure the success of femoral neck BMD measurement. 

BMD measurements performed with the REMS method were suc
cessful at one or both sites in all the included patients (95.2 % at the 

Fig. 2. Correlation between spinal and femoral REMS-measured BMD. 
The correlation plot illustrates the relationship between spinal and femoral REMS-measured BMD values. 
The number of patients who underwent both spinal and femoral measurements is indicated (n = 49). The x-axis and y-axis represent spinal and femoral REMS- 
measured BMDs, respectively. 
BMD, bone mineral density; REMS, radiofrequency echographic multi-spectrometry. 
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lumbar spine, 82.5 % at the femoral neck, and 77.7 % at both sites). BMD 
measurement at the lumbar spine and femoral neck is not universally 
feasible in all cases of SMID owing to the associated bone morphology. 
Specifically, in 17.5 % of patients, imaging was only possible for the 
lumbar spine, and in 4.8 %, only one of the hips could be imaged. 
However, the success rate can be increased by combining the two sites. 

The T-scores of the lumbar BMD achieved using REMS were signif
icantly correlated with the T-scores of the femoral neck BMD. In patients 
with scoliosis, spinal BMD values obtained using DXA are less valuable 
for monitoring osteoporosis than hip BMD values; these patients exhibit 
discordantly high spinal BMD values despite significant hip osteopo
rosis. This discrepancy is correlated with aging and the magnitude of 
curvature (Pappou et al., 2006). Compared with DXA, REMS has shown 
superior diagnostic capability for osteoporosis in populations with 
varying severity levels of osteoarthritis or a history of vertebral fracture 
(Caffareilli et al., 2022; Caffareilli et al., 2024). Additionally, REMS 
provides a more accurate measurement of BMD, mitigating the over
estimation observed with DXA due to factors such as vertebral de
formities, abdominal aortic calcification, and diabetes mellitus (Fassio 
et al., 2023; Ishizu et al., 2024). 

In the present study, the BMD of the lumbar spine and femoral neck 
measured by REMS in patients with SMID yielded T-scores of − 2.70 and 
− 2.39, respectively. Adults with cerebral palsy have decreased BMD, 
which is associated with male sex, age, decreased gross motor function, 
loss of ambulatory function, low body mass index, decreased total fat 
mass, and decreased total fat-free mass (Won and Jung, 2021). 

REMS is quite useful for patients with SMID who reside in a facility 
where they do not require to be transported to the hospital, and lumbar 
and femoral neck BMD can be measured frequently without radiation 
exposure. REMS has been shown to discern severe bone status impair
ment between patients with osteogenesis imperfecta-I and osteogenesis 
imperfecta-III–IV. It can facilitate identification of new parameters 
derived from REMS analyses that can effectively characterize bone 
quality. This could be especially valuable in individuals with rare skel
etal diseases who are at an increased risk of fractures (Caffarelli et al., 
2023). 

REMS has emerged as a preferred method for assessing bone status in 
young individuals, particularly in pregnant and lactating women, by 
offering a radiation-free alternative. Moreover, its utility extends to the 
evaluation of various secondary osteoporosis conditions, notably in 
hospitalized patients with mobility limitations, given its portability for 
bedside and clinical use. These innovative attributes underscore the 
potential for REMS to inspire further research into its role in bone 
evaluation and longitudinal monitoring across the lifespan. 

In this study, differences were observed between ambulatory pa
tients labeled as “SMID peripherals” and non-ambulatory patients with 
SMID. Given the novelty of REMS, there remain no reports regarding its 
application in patients with SMID. Therefore, further research is war
ranted to explore its characteristics and progression in this specific 
population. 

In the future, we intend to use the REMS method to examine the 
individual BMD characteristics in patients with SMID, as well as to 
identify the effects of nutrition, physical activity, severity of the un
derlying disease, and aging on BMD in this patient population in order to 
evaluate treatments and outcomes. 

This study has some limitations. First, it was a single-center study. 
Further multicenter studies are required to validate our findings. Sec
ond, the validity of these data must be demonstrated in BMD follow-up 
studies and in patients with actual osteoporosis. 

5. Conclusion 

All patients diagnosed with SMID could undergo BMD measurements 
at either the lumbar spine or femoral neck, with 77.7 % of patients 
undergoing successful measurements at both sites. REMS can be used to 
measure BMD in the lumbar spine and femoral neck of patients with 

SMID, in whom BMD measurements by DXA are often discontinued due 
to severe scoliosis or hip dislocation. Additionally, REMS is useful for 
measuring BMD in patients with SMID who reside in institutions. 
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