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ABSTRACT Metabolic bone disease (MBD) impacts the prognosis of premature infants. There is an
urgent need for a portable, noninvasive, and radiation-free method for assessing neonatal bone status. The
objective of this study is to evaluate the feasibility of the ultrasonic backscatter technique for assessing
and monitoring cancellous bone status in neonates. Ultrasonic backscatter measurements were performed
on 766 infants at birth and followed up weekly during hospitalization, utilizing transducers with central fre-
quencies of 3.5MHz and 5.0MHz. Backscatter parameters, including apparent integrated backscatter (AIB),
frequency intercept of apparent backscatter (FIAB), and frequency slope of apparent backscatter (FSAB)
were calculated. Correlations were analyzed with both anthropometric and biochemical indices. We found
that AIB (|r| = 0.40−0.47, p < 0.001), FIAB (|r| = 0.36−0.45, p < 0.001), and FSAB (|r| = 0.10−0.25,
p < 0.01) were significantly correlated with gestational age, weight, length, and head circumference at birth
at both the 3.5 MHz and 5.0 MHz frequencies. Backscatter parameters showed regular changes at different
postnatal age and correlations with anthropometric indices persisted during the first month of life. Significant
differences were also found in subgroup analyses based on gestational age, birth weight, gender, multiple
births, and intrauterine growth. AIB and FIAB were shown to be more effective than FSAB. This study
suggests the ultrasonic backscatter technique is feasible for neonatal cancellous bone status evaluation at
birth and for dynamic monitoring.

INDEX TERMS Metabolic bone disease, neonate, ultrasonic backscatter technique.

I. INTRODUCTION
Incidences of metabolic bone disease (MBD) increase year
by year, with improving survival rates for preterm infants,
particularly those born at ≤ 28 weeks or ≤ 1000 g [1], [2].
Early diagnosis and treatment ofMBD is crucial as it is one of
the diseases that contributes to poor short-term and long-term
outcomes of prematurity [3]. Assessment of bone status can
result in beneficial information for diagnosing and treating
MBD in its early stages.

Traditional evaluation methods include biochemical
indices and radiology. However, there is as yet no satisfactory
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method for neonates in terms of feasibility, accuracy or
precision. Biochemical indices, such as serum calcium, phos-
phorus, and alkaline phosphatase (AKP) only reflect bone
transformation indirectly and do not significantly correlate
with bone mineral density (BMD). In addition, repeated
blood sampling is inconvenient for preterm infants.

X-ray plain films, one of the most frequently used radio-
logical methods, is insensitive to bone loss < 30%, meaning
it cannot be used for early diagnosis. Dual energy X-ray
absorptiometry (DEXA) is the gold standard for osteoporosis
in adults but is not suitable for neonates due to radiation
and bedside unavailability. Quantitative computed tomog-
raphy (QCT) is limited for the same reasons as DEXA.
Radiological methods are based on BMD measurement,
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which reflects bone quantity. Bone status mainly depends
on bone quantity, but also correlates with microstructure
characteristics and mechanical properties, typically known as
bone quality. Both quantity and quality must be measured to
facilitate a better understanding of bone nutritional status.

Quantitative ultrasound (QUS) is a low-cost, non-ionizing,
and portable method which was developed in the early 1980s.
Studies have shown that QUS not only correlates with BMD
but also has the potential to evaluate bone structural and
mechanical properties. The most commonly used parame-
ters – broadband ultrasonic attenuation (BUA) and speed of
sound (SOS) in transmission mode – are known to be good
indicators of bone status and predict fracture risk [4]–[9].
However, ultrasonic transmission techniques are limited due
to their physical properties. They require a pair of transducers
to transmit and receive signals, meaning they are restricted to
a few peripheral skeletal sites. Furthermore, scattering and
dispersion are unavoidable through ultrasound propagation
but are not considered during transmission measurements.
In contrast, ultrasonic backscatter technique, which utilizes
only one transducer to transmit and receive signals, has easier
access to central body skeletons which have higher fracture
risk, such as hips and spines [10], [11]. Ultrasonic backscatter
parameters, based on the theory of scattering heterogeneous
materials, have been proved useful for assessing microstruc-
ture of cancellous bone (such as the calcaneus) [12]–[16].
Meanwhile, the metabolic rate of cancellous bone is eight
times higher than that of cortical bone, meaning changes to
bone status can be identified earlier. Ultrasonic backscatter
from calcaneus in adults has been revealed highly correlated
with BMD calculated by DEXA and QCT, and thus consid-
ered a promising alternative to detect osteoporosis [17], [18].
However, there are few studies focused on neonates.

In 2013, Zhang et al. [19] applied the ultrasonic backscat-
ter technique to neonatal cancellous bone assessment for
the first time and found a significant correlation between
apparent backscatter coefficient (BSC) and gestational age
(r = 0.47, p < 0.001) as well as birth weight (r = 0.47,
p < 0.001) and length at birth (r = 0.43, p < 0.001) at
5.0 MHz frequency. Guo et al. [20] also found that BSC was
positively correlated with gestational age and birth weight of
term infants at both 2.25 MHz and 3.5 MHz and were able
to establish a preliminary BSC reference range. Recently,
Liu et al. [21] tried several novel backscatter parameters to
characterize neonatal cancellous bone status. They clarified
the influence of signal selection at 3.5 MHz frequency,
including apparent integrated backscatter (AIB), frequency
intercept of apparent backscatter (FIAB), and frequency slope
of apparent backscatter (FSAB). However, available data are
still limited. To our best knowledge, there are no relevant
reports exploring how these parameters keep track of bone
status during the neonatal period.

In this study, we first apply AIB, FIAB, and FSAB to reg-
ular bone status evaluation for neonates. The objective of this
study is to evaluate the feasibility of the ultrasonic backscat-
ter technique for assessing and monitoring cancellous bone

status in neonates by analyzing relationships between AIB,
FIAB, and FSAB and anthropometric indices, as well as
serum biochemical indices, using the central frequencies
of 3.5 MHz and 5.0 MHz.

II. METHODS
A. PARTICIPANTS
A total of 766 neonates were enrolled within 48 hours of birth
between March 1st, 2016 and September 15th, 2018, from the
Department of Neonatology, Children’s Hospital of Fudan
University. This sample included 324 full-term infants and
442 preterm infants. Infants who had been born with con-
genital malformations, inherited metabolic diseases, abnor-
malities of digestive system or bone diseases were excluded.
Enrolled infants were divided into subgroups according to
gestational age, birth weight, gender, multiple births, and
intrauterine growth.

The study was given approval by the Ethics Committee
of Children’s Hospital of Fudan University (No. 25/2016).
Informed consent was obtained from parents of all
participants.

B. CLINICAL DATA COLLECTION
Neonatal data including gestational age, birth weight, gen-
der, number of births, length, and head circumference were
collected from medical records. For each neonate, weight,
length, and head circumference were remeasured at each
follow-up time point. Biochemical indices, including serum
calcium, phosphorus, and AKP, were routinely tested and col-
lected every week or every other week according to clinical
treatment.

C. ULTRASONIC BACKSCATTER MEASUREMENTS
Ultrasound measurements were taken within 48 hours of
birth and repeated every seven days until discharge. For
each measurement, a planar transducer was placed verti-
cally on the medial side of the infant’s heel, where soft
tissue and cortical bone lying between the transducer and
regions of interest was thin, and the surface plain enough
for ultrasound detection. The central frequencies of the trans-
ducers (Panametrics, Waltham, MA, USA) were 3.5 MHz
(V546; diameter, 0.25 in; -6dB bandwidth, 3.25 MHz [range,
1.60 to 4.91 MHz]) and 5.0 MHz (V543; diameter, 0.25 in;
-6dB bandwidth, 5.15 MHz [range, 3.20 to 7.11 MHz]).
Ultrasonic gel (Aloka Medical Equipment, Shanghai, China)
was used to couple the transducer with soft tissue on the
calcaneus.

In this study, we applied a novel ultrasonic backscat-
ter bone diagnostic instrument (UBBD; Fudan University,
Shanghai, China) to acquire and process backscatter sig-
nals. The UBBD instrument, with a sampling frequency
of 50.0 MHz, emitted a bipolar short pulse with a voltage
of approximately ± 50 V to excite the transducer. It con-
ducted amplification and a 14-bit analog to digital conver-
sion after receiving ultrasonic backscatter signals by the
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TABLE 1. Anthropometric characteristics of the participants at birth.

same transducer. The signals were denoised by averaging
128 waveforms in the time domain and then stored for further
analysis.

The apparent backscatter transfer function (ABTF) was
defined as:

ABTF = 10 log10

(
Pspecimen (f )
Preference (f )

)
, (1)

over the -6dB bandwidth [22]. Pspecimen(f ) and Preference(f )
referred to frequency-dependent power obtained through
Fast Fourier Transform (FFT) in the selected region of the
backscatter and reference signal, respectively. The reference
signal was reflected by a polished steel plate immersed in
pure water. The ABTF was not spatially averaged. AIB was
determined by frequency-averaged ABTF over the analysis
bandwidth:

AIB =

∫ fmax
fmin

ABTFdf

fmax − fmin
; (2)

fmax and fmin corresponded to the -6dB frequency band of the
transducer. FSAB was the slope of a linear fit of the ABTF
over the same bandwidth, while FIABwas the zero-frequency
intercept of the fitted line.

FIGURE 1. A backscatter signal of an infant born at 29 weeks’ gestation
at 3.5 MHz frequency.

Fig. 1 displays a typical backscatter signal obtained from
the calcaneus of a female infant born at 29 weeks’ gestation
at 3.5 MHz frequency. A Hamming window was utilized to

select signals of interest (SOI) for calculation of ultrasonic
backscatter parameters. For AIB and FIAB, gate was 2 µs in
width (T2) and started 4 µs (T1) after the start of the signal
at both 3.5 MHz (left boxed region) and 5.0 MHz frequency.
For FSAB, gate width (T2’) was 12 µs and gate delay (T1’)
was 12.5 µs at 3.5 MHz frequency (right boxed region) and
11.5 µs at 5.0 MHz frequency. The SOIs were decided based
on previous study by Liu et al. [21], as well as optimization of
the correlations between backscatter parameters and anthro-
pometric and biochemical indices.

D. STATISTICAL ANALYSIS
MATLAB R2018b (MathWorks, Natick, MA, USA) was
utilized to analyze ultrasonic backscatter signals as well
as to calculate the parameters. Statistical analyses were
carried out with SPSS 22.0 (IBM, Armonk, NY, USA).
P < 0.05 was considered statistically significant. The
Kolmogorov–Smirnov test was used to check the normal-
ity of variables. Results showed all neonatal anthropomet-
ric and ultrasonic backscatter parameters were non-normally
distributed. Therefore, differences in ultrasonic backscatter
parameters between male and female infants were deter-
mined using the Mann-Whitney U test, as well as differences
between singletons and twins. Differences among subgroups
divided by gestational age, birth weight, or intrauterine
growth were determined using the Kruskal-Wallis H test.
Relationships between different parameters were measured
using Spearman’s correlation analysis.

III. RESULTS
A. BASELINE CHARACTERISTICS
All enrolled infants were divided into four groups according
to their gestational age. Preterm infants born at < 28 weeks,
28-31+6 weeks and 32-36+6 weeks were defined as A-1,
2, 3, while term infants born ≥ 37 weeks’ gestation were
defined as A-4. Infants were also sorted into five groups
(W1-5) by birthweight:< 1500 g, 1500-1999 g, 2000-2499 g,
2500-2999 g, ≥ 3000 g. Anthropological characteristics can
be seen in Table 1.

B. GESTATIONAL AGE
As Fig. 2 demonstrates, schematic plots of distributions of
AIB and FIAB relative to gestational age at 3.5 MHz and
5.0 MHz yielded a positive linear regression, indicating a
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TABLE 2. Comparisons of AIB, FIAB, and FSAB among gestational age groups.

FIGURE 2. Gestational age positively correlated with AIB (a-b) and FIAB
(c-d), and negatively correlated with FSAB (e-f) at 3.5 MHz and 5.0 MHz
frequencies.

moderate correlation (|r| for AIB = 0.40-0.43, p < 0.001;
|r| or FIAB = 0.37-0.39, p < 0.001). However, FSAB
revealed a negative and relatively weak correlation with ges-
tational age (|r| = 0.17 − 0.24, p < 0.001). Comparisons
between different gestational age groups (see Table 2) indi-
cated that AIB and FIAB were significantly higher in term
infants than all groups of preterm infants at both frequencies.

Significantly lower FSAB for term infants was only
observed at the 5.0 MHz frequency. All three backscatter
parameters in group A-2 demonstrated significant differences
from those in group A-3.

C. BIRTH WEIGHT
Fig. 3 shows that AIB and FIAB were positively correlated
with birth weight (|r| for AIB= 0.43-0.46, p < 0.001; |r| for
FIAB = 0.36-0.42, p < 0.001) while FSAB demonstrated
a negative trend at both frequencies (|r| = 0.15 − 0.25,
p < 0.001). The correlation of FSAB with birth weight was

FIGURE 3. Birth weight positively correlated with AIB (a-b) and FIAB
(c-d), and negatively correlated with FSAB (e-f) at 3.5 MHz and 5.0 MHz
frequencies.

weaker than that of AIB and FIAB. For the subgroups divided
by birth weight, significant differences were found in most
pairs of comparisons for AIB and FIAB, but few were found
for FSAB (see Table 3).

D. LENGTH AND HEAD CIRCUMFERENCE AT BIRTH
Length and head circumference were positively correlated
with AIB and FIAB and negatively with FSAB at both fre-
quencies. This was in line with gestational age and birth
weight (see Table 4). FSAB also demonstrated a correlation
coefficient lower than AIB and FIAB.

E. BIOCHEMICAL INDICES AT BIRTH
According to Table 5, all three backscatter parameters showed
a weak but significant correlation with AKP at both the
3.5 MHz and 5.0 MHz frequencies (|r| = 0.08 − 0.13,
p < 0.05). Significant positive correlations were found
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TABLE 3. Comparisons of AIB, FIAB, and FSAB among birth weight groups.

TABLE 4. Correlations between ultrasonic backscatter parameters and length as well as head circumference at birth.

TABLE 5. Correlations between ultrasonic backscatter parameters and serum biochemical indices at birth.

between serum calcium and AIB and FIAB, as well as
between serum phosphorus and FSAB at both frequencies.

F. SUBGROUP ANALYSIS AT BIRTH
Fig. 4 shows that FIAB was significantly higher in males
than females as well as that large-for-gestational-age (LGA)
infants had a higher AIB compared to small-for-gestational-
age (SGA) infants at the 3.5 MHz frequency. Single birth
infants had higher AIB and FIAB than twins at 3.5 MHz
frequency. Significantly higher AIB and FIAB, but lower
FSAB in male, single birth, and LGA infants were found at
5.0 MHz frequency when compared with females, twins, and
SGA infants, respectively. No significant differences were
found between other pairs of subgroups.

G. FOLLOW-UP MEASUREMENTS
As most infants were discharged before the fifth follow-up
test, only the first five measurements were analyzed. As can
be seen in Table 6, participants’ mean gestational age
decreased as follow-up tests continued. Fig. 5 shows a decline

TABLE 6. Gestational age of the participants at different time points.

of AIB and FIAB at 3.5MHz and 5.0 MHz frequencies, while
the FSAB trend was uncertain.

Supplemental Table S1-S6 illustrate that AIB and FIAB
were both positively correlated with corrected gestational
age, weight, length, and head circumference at both frequen-
cies for all measurements, except for FIAB with length at the
fifth time point at 3.5 MHz frequency. Significantly negative
correlations between FSAB and these anthropometric indices
persisted throughout the follow-up period.

For biochemical indices, all three backscatter parame-
ters maintained significant correlations with AKP, while the
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FIGURE 4. Backscatter parameters were significantly different between subgroups based on gender (a-c; 421 males and 345 females), multiple births
(d-f; 623 single birth infants and 143 twins) and intrauterine growth (g-k; 121 SGA, 597 AGA and 48 LGA infants). Data were presented as mean ± SD.
∗p < 0.05; ∗∗p < 0.01; §p < 0.001.

FIGURE 5. Backscatter parameters changed regularly during the follow-up period. (a) AIB. (b) FIAB. (c) FSAB. Time points 1-5 represented
measurements at birth and days 7, 14, 21 and 28 after birth, respectively. Data were presented as mean ± SD (n1 = 766, n2 = 298, n3 = 158,
n4 = 94, n5 = 78).

duration varied from one week to a month. AIB was found to
be negatively correlated with serum calcium and positively
correlated with serum phosphorus at the second time point
at both frequencies. Hardly any other significant correlations
were observed during the follow-up tests.

IV. DISCUSSION
MBD is a common complication of prematurity that has a
poor prognosis, accompanied by rachitic changes, fractures,

and restricted growth as well as chronic diseases in adult-
hood [23]. Given that the incidence and survival rate of
preterm infants who are at a high risk of MBD have increased
in recent years, there is an urgent need for a portable, non-
invasive, and radiation-free method to evaluate bone status.
Many studies have focused on in vitro materials or adults and
have suggested that the ultrasonic backscatter technique is
probably an effective approach. However, few studies have
been carried out with neonates.
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AIB, FIAB, and FSAB are frequency-dependent ultrasonic
backscatter parameters which are derived from ABTF, and
which could be determined without knowledge of ultrasonic
properties of the intervening tissue through the signal propa-
gation path. This means that they are applicable to clinical
practice. In addition to evaluation at birth, this is the first
study to utilize AIB, FIAB, and FSAB for dynamic moni-
toring of bone status in neonates.

A. GESTATIONAL AGE AND BIRTH WEIGHT
All three backscatter parameters had significant correlations
with gestational age and birth weight at both the 3.5 MHz and
5.0 MHz frequencies, reflecting fetal growth and maturation.
It is known that most calcium and phosphorus deposition in
fetuses occur during the final trimester of gestation, leading to
improved bone density and strength in term infants compared
to preterm infants [24]–[26]. The AIB and FSAB results
were aligned with those of previous studies. Liu et al. [21]
found a positive correlation between AIB and gestational
age (maximum r = 0.45, p < 0.001), as well as birth
weight (maximum r = 0.50, p < 0.001) for a short
T1 (< 8 µs) at 3.5 MHz frequency. FIAB behaved simi-
larly. In contrast, FSAB was found to be positively corre-
lated with gestational age and birth weight when T1 was
long (> 10 µs), which did not align with our results. AIB,
FIAB, and FSAB are ultrasonic apparent backscatter param-
eters, and are not compensated for attenuation and diffraction
along the ultrasound propagation path. Correlations depend
on which is the leading effect; backscatter or attenuation.
Hoffmeister et al. [27], [28] have inferred that FSAB was
dominated by frequency-dependent attenuation and showed
stronger correlations with a longer T1. This may explain
why FSAB resulted in a negative correlation in our study.
In addition, it has been noted that correlation coefficients of
FSAB with anthropometric indices were remarkably lower
than those of AIB and FIAB. Subgroup analyses also suggest
that both AIB and FIAB are more sensitive than FSAB to
distinctions among infants of different gestational age and
birth weight, indicating that AIB and FIAB are more effective
parameters for neonates.

B. LENGTH AND HEAD CIRCUMFERENCE AT BIRTH
AIB, FIAB, and FSAB were all significantly correlated with
length and head circumference at birth at both frequencies.
Birth length is known to be closely associatedwith fetal skele-
tal development. Rubinacci et al. [29] found a significant cor-
relation between SOS, another QUS parameter, and birth
length (r = 0.64, p < 0.001), in line with our results. Head
circumference, in contrast, is far more influenced by neu-
rodevelopment. Zhang et al. [19] found no significant cor-
relation between calcaneal BSC and head circumference at
any frequency, including 3.5 MHz and 5.0 MHz. However,
Akcakus et al. [30] demonstrated that, consistent with our
results, whole-body BMD and content correlated signifi-
cantly with head circumference at birth.

C. BIOCHEMICAL INDICES
Correlations between each backscatter parameter and exclu-
sive AKP were weak at birth and most disappeared within
a month after birth. Relationships with serum phosphorus
were also unclear, whereas serum phosphorus and AKP
have been regarded as good predictors for MBD in previ-
ous studies. Peak AKP exceeding 650 IU/L was discovered
to be closely related to decreased bone mineralization at
discharge for extremely low birth weight infants with 80%
sensitivity and 64% specificity (AUC 0.70, p = 0.005) [31].
Backstrom et al. [32] revealed that serum AKP > 900 IU/L
combined with phosphorus< 1.8 mmol/L led to a sensitivity
of 100% at a specificity of 70% for low BMD. Harrison
and Gibson [33] also demonstrated a combination of serum
phosphorus and AKP levels increased the sensitivity of MBD
prediction among infants at high risk. A possible reason for
the poor correlations in this study is that recorded serum
phosphorus and AKP merely reflected levels of these bio-
chemical indices at the time of blood sampling, and that they
fluctuated prior to bone mass reduction and microstructure
changes.

It is noteworthy that serum calcium at birth was positively
correlated with AIB and FIAB at both frequencies, in line
with gestational age, birth weight, length, and head circum-
ference. The serum calcium level is not generally considered
a useful indicator for bone mineralization, in agreement with
our follow-up results, as it is strongly influenced by parathy-
roid hormone (PTH) and could maintain typical levels even
in calcium deficiency cases. Hung et al. [34], for example,
reported similar serum calcium levels before eleven weeks
postnatal age in preterm infants with and without osteope-
nia according to radiographic evidence of diminished bone
density. However, Liu et al. [35] revealed that some bone
microstructural features, including mean trabecular separa-
tion (Tb.Sp), trabecular number density (Tb.N), connective
density (Conn.D) as well as degree of anisotropy (DA),
still contributed significantly to AIB and FIAB after adjust-
ment for BMD (1r2 = 1.1%–7.5%, p < 0.05). There-
fore, the association between serum calcium and ultrasonic
parameters may be partially attributed to bone microstructure
properties.

D. GENDER
The significantly higher AIB and FIAB as well as lower
FSAB in male newborns at 5.0 MHz frequency suggest
a better bone nutritional status compared to females. AIB
and FSAB failed to show gender differences at 3.5 MHz
frequency. Chen et al. [36] observed that male gender was
correlated with increased tibial bone SOS at birth, although
many studies have not found a difference in bone metabolism
across genders [37]. Fetal bone growth is affected by several
factors including heredity, diet, physical activity, PTH, PTH-
related protein, and so on, but not sex steroids [38], [39]. This
means that the reason for the differences observed between
males and females here remains unknown.
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E. MULTIPLE BIRTHS
AIB and FIAB were remarkably different between single
births and twins at both 3.5 MHz and 5.0 MHz frequencies.
FSAB demonstrated a difference only at 5.0 MHz frequency.
This may indicate that the bone status is better in single
birth infants, although results must be interpreted with cau-
tion as anthropometric indices were not balanced between
subgroups. Gestational age, birth weight, length, and head
circumference were all found to be significantly lower in
twins than in single birth infants (p < 0.001), to some
extent enlarging the ultrasonic backscatter difference. In con-
trast, studies [40], [41] have revealed no difference in body
composition in clinically normally grown neonates, whether
they were single births or not, even though multiple pregnan-
cies are well recognized to be related to intrauterine growth
restriction and preterm births.

F. INTRAUTERINE GROWTH
Significant differenceswere found in each backscatter param-
eter between LGA and SGA infants at 5.0 MHz frequency,
but only AIB of LGA infants differed from that of SGA
infants at 3.5 MHz frequency. Koklu et al. [42] observed that
whole-body BMD measured by DEXA at birth was higher
in LGA and lower in SGA when compared to appropriate-
for-gestational-age (AGA) infants, which aligns with our
findings. In contrast, Li et al. [43] found that BMD did not
differ in very low birth weight infants betweenAGA and SGA
babies. Whether or not SGA is associated with reduced BMD
during the neonatal period remains controversial. Further
research is needed in this area.

G. FOLLOW-UP MEASUREMENTS
Relationships between backscatter parameters with corrected
gestational age, weight, length, and head circumference of the
infants maintained their significance by the time of the fifth
ultrasonic measurements. The regular decreases of AIB and
FIAB suggest a deteriorating bone status over the first month
of life. It has been confirmed that bone mineral contents
reduce dramatically as early as the first week after birth [44],
while MBD is typically found within the first 6-16 weeks of
life [23]. However, the variation trend of FSAB at either of
the frequencies fails to be determined.

H. CENTRAL FREQUENCIES OF THE TRANSDUCER
AIB, FIAB, and FSAB at 5.0 MHz frequency were found
to be more sensitive to differences of cancellous bone status
between subgroups based on gender, multiple births, and
intrauterine growth, although there was not enough evidence
for better correlation coefficients with anthropometric and
biochemical indices compared to those at 3.5MHz frequency.
Researchers have suggested that higher frequencies with
shorter wavelengths are more appropriate for bone status
evaluation for preterm infants, given their trabecular thick-
ness and number density as well as other microstructural

information [19]. Transducers which have relatively higher
central frequencies may be preferred in future research.

One limitation of this study is that follow-up measure-
ments were discontinued after discharge. Consequently, most
follow-up data were collected from preterm infants who had
a similar physiological status and so may fail to demon-
strate true correlations with ultrasonic backscatter parame-
ters. In addition, neither ABTF nor the ultrasonic parameters
were spatially averaged in this study, as they were limited by
the in vivo research condition. This means that the anisotropy
of cancellous bone has the potential to be a source of random
error [45], [46].

V. CONCLUSION
In this study, we applied ultrasonic backscatter parameters
AIB, FIAB, and FSAB to cancellous bone status evaluation
in neonates. We found a significant correlation with cor-
rected gestational age, weight, length, and head circumfer-
ence in the neonatal period, which suggests that the ultrasonic
backscatter technique is feasible for assessing andmonitoring
neonatal bone status. AIB and FIAB may be considered
more effective parameters as they have tended to have higher
correlation coefficients and are more sensitive to differences
between subgroups compared to FSAB. Further studies that
enroll lager populations are needed to improve the sensitivity
and accuracy of ultrasonic backscatter technique for neonatal
bone status evaluation and to establish a preliminary normal
reference range for neonates, especially those who are at high
risk of MBD.

APPENDIX
Follow-up results are shown in supplemental Table S1-S6.
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