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AIM: To use personalised computed tomography (CT)-based finite element models to
quantitatively investigate the likelihood of self-inflicted humeral fracture in non-ambulant
infants secondary to rolling.

MATERIALS AND METHODS: Three whole-body post-mortem CT examinations of children at

Accepted 29 August 2019 the age of rolling (two 4-month-old and one 6-month-old) were used. The mechanical moment

needed by each infant to perform a rolling manoeuvre was calculated and applied to the finite
element model in order to simulate spontaneous rolling from the prone to the supine position.

RESULTS: The maximum predicted strains were found to be substantially lower (with a
difference of >80%) than the elastic limit of the bone.

CONCLUSION: Results of this study challenge the plausibility of self-inflicted humeral frac-
ture caused by rolling in non-ambulant infants and indicate that it is unlikely for a humeral
fracture to result from this mechanism without the assistance of an external force.
© 2019 The Authors. Published by Elsevier Ltd on behalf of The Royal College of Radiologists.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).

Introduction

It is uncertain whether non-ambulant infants can sustain
humeral fractures when rolling, without the addition of an
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external force. In 1996, a possible accidental mechanism of
humeral fractures in infants at the age of rolling was re-
ported.! It was proposed that a humeral fracture might
occur when an infant rolled from prone to supine assisted
by another person (i.e., with the addition of an external
force). Two cases of humeral fracture were reported; a 5-
month-old boy (Case 1) and a 3-month-old girl (Case 2).
In Case 1, the injury event was fortuitously videotaped. The
video showed the child lying in a prone position, with one
arm extended away from his body. The sound of a fracture
was heard as the child was rolled over to the supine position
by his two-year-old sister. According to medical records, the
child sustained an oblique spiral fracture of his humeral
diaphysis. After a review of the videotape and family

0009-9260/© 2019 The Authors. Published by Elsevier Ltd on behalf of The Royal College of Radiologists. This is an open access article under the CC BY license (http://
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evaluation by a multidisciplinary team, the injury was
considered unintentional. In Case 2, the mechanism of
injury as described by father using a doll was videotaped.
The father was helping his daughter to roll onto her back
(i.e., from prone to supine), her arm became trapped under
her back and the fracture occurred. An oblique spiral frac-
ture of the humeral diaphysis was also reported in this case.
By reviewing the videotape of father demonstrating the
event, a multidisciplinary team concluded that he did not
intentionally cause the injury.

In a second, more recent study, seven cases of humeral
fracture were reported and described as possible “acci-
dental injuries”, secondary to the above Hymel mecha-
nism.” The infants were all aged between 4 and 7-months
old; however, unlike the Hymel report,1 there was no
known external force acting on the body during the roll.
Furthermore, there was no video evidence or witness
available to ascertain the injury mechanism. It should also
be noted that this study included cases of children rolling in
both directions (prone to supine and supine to prone),
whereas neither of the Hymel cases was rolling from su-
pine to prone. Somers and his colleagues recognised these
inconsistencies and were successful in their overarching
goal of fuelling debate in the clinical radiology
community.>*

The detection of child abuse is faced with numerous
challenges, a major one being the absent or even misleading
history given by the caretaker(s) when explaining the cause
of the injury. Furthermore, very little information is known
about how paediatric bones fracture under various loads, or
their injury tolerance. For these reasons, clinicians mainly
rely on their experience. Very recently, computed tomog-
raphy (CT)-based finite element modelling, a widely used
approach to study adult bones,” ’ has been successfully
used to study the mechanical response of children’s bones
under external loads.® > An important factor in fracture
mechanisms that can be readily investigated using finite
element models is the comparison between the physical
force acting on the bone and the predicted failure (fracture)
force.

The aim of this study was to investigate the possibility of
self-inflicted humeral fractures in infants while rolling from
prone to supine (as suggested by Somer’s study?®) using a
CT-based finite element modelling approach, considering
both personalised geometry and bone material properties.

Material and methods

Post-mortem CT examinations of three infants per-
formed at Sheffield Children’s Hospital were used. The three
cases used in this paper form part of a larger pilot study at
which ethics was approved to use the CT scans for research
purposes.® The study was registered with the local Research
& Development Department (registration number
CA11024).

One of these infants had an injured right humerus;
therefore, the left humerus of each of the three children was
segmented and used for this study.
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Finite element model generation

The three-dimensional (3D) geometry of each humerus
was segmented using ITKsnap. The segmented geometries
were then automatically meshed in ICEM CFD 15.0 (Ansys
INC,, PA, USA) with 10-node tetrahedral elements. The
mechanical properties of bone tissue vary form point to
point, primarily as a function of its microporosity and de-
gree of mineralisation. Heterogeneous material properties
(e.g., bone density and modulus of elasticity) were esti-
mated from the CT scan and mapped to the finite element
model following a well-validated material-mapping pro-
cedure (Bonemat v3, Rizzoli Institute).> !> This procedure
has previously been used for paediatric bone, details were
described in Li et al. (2015) and Altai et al. (2018).2° Mesh
convergence analysis was conducted and an anatomical
reference system was defined following the same procedure
used in Altai et al. (2018).°

Displacement boundary conditions

According to the hypothesis described by Hymel,' the
infant’s arm is trapped underneath the trunk. Fig 1 shows a
schematic drawing of three stages passed during the
manoeuvre from prone to supine. In position (a), the infant
is lying on the abdomen (i.e. prone position with ¢ = 0),
where ¢ is the angle between the trunk and the lying sur-
face. The infant then uses one arm to push against his/her
body weight and starts to roll. At the intermediate position
(b), the infant’s trunk is perpendicular to the floor (¢ = 7/2),
where the arm may be trapped between the body and the
floor. Because of the minimal strength of the abdominal
muscles of young infants, flipping back to the starting po-
sition would be difficult. Therefore, the infant will continue
to roll to position (c) with (¢ = ), at this point and because
of the limited movement of the shoulder-scapula joint, the
arm remains trapped underneath the body, leading to a self-
inflicted humeral fracture.

The boundary conditions in the computer model were
chosen to reflect the later stage (from b to c) of the above
manoeuvre. Fig 2 shows the representative finite element
model in which the proximal and distal ends of the min-
eralised humerus were connected to the centre of the
proximal and distal ossification centres (represented by
pilot nodes) using multi-point constraint (MPC) elements.
The MPC elements related all degrees of freedom of the
nodes at proximal and distal ends of the humerus to the
pilot nodes. The pilot nodes also allowed rotational degree
of freedoms to be specified, where the humerus was
allowed to rotate around the pilot nodes representing the
ossification centre. Boundary constrains are detailed in Fig 2
and assigned to the model as follows: the displacements of
the distal pilot node were free along the parallel direction to
the body centre line (x-axis) and fixed in both y and z di-
rections. In other words, the arm was assumed to be fixed
between the trunk and the underlying surface (medial—-
lateral plane of the humerus). Any flexion or extension
(anterior—posterior plane of the humerus) was prevented.
The arm was assumed to be fixed while the body of the child
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Figure 1 Three stages of an infant rolling from prone to supine. Position (a) is the starting position (prone) when the infant is lying on his/her
abdomen. Position (b) is when the trunk is perpendicular to the floor, the black arrow represents an additional external force which might act on
the arm during rolling, such as pulling the infant or forcing the rolling maneuverer. And position (c) is the final position when the infant is lying
on his/her back (supine) — note the infant’s arm trapped under his/her body.

was rotating around the shoulder joint; hence rotation of
the distal pilot node was not allowed around the long axis of
the humerus (or x-axis). The displacement of the proximal
pilot node was fixed in the x direction to mimic the effect of
the shoulder joint (all other degrees of freedom were un-
constrained). This boundary condition was chosen in order
to minimise the constrained degrees of freedom while
avoiding rigid body motion of the model.
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Figure 2 Finite element model of the humerus. Proximal and distal
ends were connected to the pilot nodes (red nodes) by Multi Point
Constraints elements. The pilot nodes were located at the centre of
the proximal and distal ossifications. A rotational moment (Mx) was
applied at the proximal end representing the rotation around the
centre of the shoulder joint. The distance between the body centre
line and the proximal ossification centre is the moment arm indicated
by r. ROl is the region of interest as highlighted by the black rectangle.
UX, Uy, and Uz are the displacement degrees of freedom in the X, Y
and Z axis respectively. Rox is the rotational degree of freedom
around the X axis.

Force boundary conditions

Given the same rolling direction (from prone to supine),
the main difference between Hymel and Somers’ study is
the presence of evidenced external force during the
manoeuvre. Video evidence reported in Hymel et al. (1996)
suggested that an external force could lead to humeral
fractures, whereas Somers et al. (2014) suggested that
fracture is possible without an applied external force.

The study reported here first focused on reproducing the
Somers’ loading scenario, whereby the rotational moment
needed by each infant to roll was calculated based on the
total body mass of the child and the acceleration needed to
complete a rotation from position b to position c, as shown
in Fig 2. Adopting a “worst case scenario” model, it was
assumed that the total body mass of each infant would
contribute to the rotation and that the time needed to roll
from position b to position ¢ was 0.3 seconds. The moment
arm was considered as the distance between the proximal
ossification centre and the body centre line of the infant.
The moment was applied at the proximal pilot node around
the long axis of the humerus. All variables used as input to
the finite element model are summarised in Table 2.

During the rolling manoeuvre and when the body is
directly on top of the arm, the arm may be held in a variety
of different angles with respect to the trunk; however,
because of the complexity of the shoulder—scapula joint,
the motion of the arm is limited in this position. The
maximum angle in which the arm can move towards the
back of the body is 45° in horizontal extension and 60° in
vertical extension for adults.'® Assuming a similar range for
very young children, these values were assigned in the
simulation as the maximum angles by which the arm could
reach behind the body. Sixteen orientations were therefore
simulated by incrementing the angle by 15° and 20° in
horizontal and vertical extensions, respectively, as shown in
Fig 3.

Once Somers’ scenario has been set up, it is relatively
straightforward to estimate the effect of an applied external
force during the manoeuvre. In order to estimate the
magnitude of the required external force to cause fracture,
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Figure 3 Sixteen simulated orientations of the humeral finite element model. The vertical angle (6) was incremented by 20 degrees while the
horizontal angle () was incremented by 15 degrees. The centre line of the body is indicated by the bold double-headed arrows.

the force required to elevate the strain to failure threshold
was estimated for each of the three subjects modelled here.
This force was assumed to be acting parallel to the lying
surface, and orthogonal to the infant trunk. The location of
force application was assumed to be the free arm Fig 3b.
Therefore, the moment arm in this case was taken as the
distance between the right and left proximal humeral
ossification centres (i.e. shoulder width). In order to esti-
mate the minimum required external force, the extreme
angles of the trapped arm were investigated.

All simulations were run in ANSYS APDL and solved using
the preconditioned conjugate gradient-iterative solver
(PCG) with a tolerance value of 1E-8.

Post-processing of the principal strains

Both the first (tension) and third (compression) principal
strains were evaluated for all the nodes within the region of
interest, which is highlighted by the black rectangle in Fig 2.
The peak principal strains were extracted from the finite
element models under each of the 16 simulated orienta-
tions. Among these, the maximum and minimum predicted
strains were found and compared with the tensile and
compressive elastic limits of human bone (0.73% in tension
and 1.04% in compression).'”

Table 1
Demographics of the infants recruited to this study.

Results

The morphological parameters of the humeri show that
there is some variation in humeral development within the
selected age range (Table 1). Patient 2 generally had a higher
modulus of elasticity across the humerus in comparison
with the other two patients. This patient had a comparably
lower body mass percentile but a higher height percentile,
indicating this to be a relatively tall and slim child; however,
there was no direct explanation for the higher modulus of
elasticity. The distribution of the modulus of elasticity of the
three patients is shown in Fig 4. The moment needed for the
rolling manoeuvre in patient 2 was much higher (66%) than
in patient 1.

The results of this study show that the highest predicted
strains are substantially lower, at around 20% of the pre-
dicted elastic limit of the three bones evaluated. Fig 5 shows
the predicted peak strains (first and third principal strains)
of the humerus for all three patients under each orientation.
For all three patients, the highest first and third principal
strain values were both found when the humerus was
located at the extreme angles relative to the body.

If external forces were to be considered in the model, the
required external forces to fracture the humerus was pre-
dicted at 10.5, 22.5, and 21.5 N for patient 1, patient 2 and

Patient No. Gender Age (months) Body mass (kg)/percentile Hight (cm)/percentile Humeral length (cm) Ex (GPa) Cause of death
1 M 4 3.85/<2nd 60/9th 8.45 10.66 SIDS
2 F 4 5.79/<9th 65/91st 9.32 15.15 SUDI
3 M 6 7.03/25th 69/50th 9.96 13.26 SIDS

Humeral length was estimated from the CT examinations as the distance between the proximal and the distal ossification centres. The maximum modulus of

elasticity was estimated from the measured Hounsfield units of the CT scans.®?

M, male; F, female; Ex, modulus of elasticity of the linear elastic model; SIDS, sudden infant death syndrome; SUDI, sudden unexpected death in infancy.

Table 2

Variables used in the finite element model of the humerus for the three patients.

Patient no. Body mass (kg) Angular displacement (rad) Time (s) Moment arm (r) (mm) Tangential acceleration (m/s2) Applied moment (M) (Nm)

1 3.85 2 0.3 47.49
2 5.79 2 0.3 66.22
3 7.03 2 0.3 67.20

0.83 0.15
1.15 0.44
1.17 0.55

Mx, moment applied to the finite element model.



[ —
20

Z. Altai et al. / Clinical Radiology 75 (2020) 78.e9—78.e16

Patient 1

Patient 2

Patient 3

GPa

—

24 46 6.8

9.0

11.2

134

156 178 200

78.e13

Figure 4 Distribution of the modulus of elasticity (GPa) across the humerus, in the frontal and transverse planes for the three patients. A,

anterior; P, posterior.

Patient No. First principal strain Third principal strain
£ 0007 ) glasticlimit omHo ¢ 0012 | Elasticlimit o mHo
g ® =
S o0.01 =
Tt: 0.006 SmHls ¥ S mHI5
2 0 0045 = 8 0.008 2
‘o U = f—
Patient1 | £ g "H30 2 0.006 R WH30
= N £ =
2 0.003 S s 50002 S mHas
= 0.0015 £ 0.002
)
g ,|lmEN" mEb" mEBT N I olmmss wmes mwes we
Vo V20 Va0 V60 Vo V20 V40 V60
vertical angle vertical angle
€ 00075 | gjasticlimit HuH0 = 0;)0;i Elasticlimit 5 i
— [ ~
£ 0.006 S mpis B =
2 = = 5 mH1S
2 0.0045 £ - £
Patient2 | 2 S WH30 2 0.006 S WH30
5 0.003 S 5 5
& T oiHas 50004 2 . has
< 0.0015 £ 0.002
§ | HmEl mmni HENC HE § (| mmss mmss mess mm
Vo V20 V40 V60 VO V20 vao V60
Vertical angle Verticalangle
00075 | glasticlimit o®HO ¢ 0012 Elasticlimit o WHO
= ™ £ 0.01 )
‘_1;: 0.006 § = H1S Tv: 0008 r_% m H15
© 8 ©
. £ 0.0045 £ e £
Patient3 | 2 g "H30 £ 0.006 g "H30
S 0.003 = s 5
% I " H45 T 0.004 I - H45
& 0.0015 =
% < 0.002
© x
g (RAC HENC NEAT HR 5, lmmEs mmEs wEES EE
0 = 0
Vo V20 V40 V60 VO V20 V40 V60
Vertical angle Vertical angle

Figure 5 Maximum (first) and minimum (third) principal strains under various orientations of the humerus for the three patients. Sixteen
different positions of the humerus (with respect to the body) were simulated. Vertical extension angles ranged from 0° to 60°, with a 20°
increment. Horizontal extension angles ranged from 0° to 45°, with a 15° increment. V represents the vertical extension angle, and H represents
the horizontal extension angle.
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Figure 6 Distribution of the first principal strains (maximum tension) over the humerus for Patients 1, 2 and 3. Four selected orientation
scenarios are illustrated: (a) neutral position, (b) 45° horizontal extension with 0° vertical extension, (c) 60° vertical extension with 0° horizontal

extension, and (d) a combination of both extreme angles.

patient 3, respectively, under the extreme angles of the
trapped arm.

Fig 6 shows the distribution of the first principal strains
in the three patients under a few combinations of these
extreme angles: (a) neutral position, (b) horizontal exten-
sion at 45 (with 0° in vertical extension), (c) vertical
extension at 60° (with 0° in horizontal extension), and (d) a
combination of both extreme angles. The highest strains
were located at the medial side of the humeral shaft when
the arm was in the neutral position (scenario a, the body is
directly on top of the left arm). This moved to the lateral
side of the shaft when the arm was extended horizontally in
scenario b. In both scenarios ¢ and d, the highest strains
were found at the anterior side of the humerus.

Discussion

The results of this study indicate that the highest pre-
dicted strains are substantially lower at around 20% of the
predicted elastic limit of human bone.

The aim of the present study was to investigate the
likelihood of an infant self-inflicting a humeral fracture
while rolling from prone to supine using a CT finite element
modelling approach. The case of rolling from supine to
prone was not considered, mainly because in this position,
the arm is within its normal range of motion, unrestricted
by the trunk, in contrast to when the infant rolls from su-
pine to prone.”*

Care was taken to select infants who were around the age
of rolling; two were 4-months old and one was 6-months
old (Table 1). The Centre for Disease Control and Preven-
tion Milestone Checklist states most babies when lying on
their tummy can push up to their elbows by the end of 4
months and are able to roll from front to back and from back
to front by the end of 6 months.

The modelled results in this small sample suggests
that rolling over does not generate sufficient force to
reach the fracture limit of the infant humerus, while
rolling over from front to back without an external force.
These results support the arguments of Rosado (2014)

and Jenney (2014).>* Rosado’ pointed out that it is very
doubtful that an infant who can hardly carry his/her own
body weight against gravity will have sufficient strength
to overcome the failure limit of the humerus. Jenny,*
however, claimed that it is difficult to draw a clear
conclusion on the likelihood of self-inflicted humeral
fracture caused by rolling because the range of bone
strength of healthy infants is yet unknown. Since that
paper, data have been published on the injury tolerance
of infant bones,®? which coupled with the present
findings supports Rosado’s opinion that the mechanism
is unlikely to cause humeral fractures.

The highest strains were predicted at either the middle
or towards the distal end of the humeral diaphysis. This
means a fracture would occur at these locations if the bone
was to fail under the predicted loads in this study. This is
consistent with the location of the fractures reported by
Hymel and Somers."”

Unsurprisingly, the lowest strains were predicted under
the neutral orientation of the humerus for all three patients,
whereas the highest strains were all predicted under the
extreme angles (either vertical or horizontal extensions or a
combination of the two angles). This suggests that bending
or extending the arm towards the physical limit would put
substantial strains on the arm. The current model indicates
that the loading moment produced by the body mass of an
infant is not high enough to fracture the bone; however, it is
possible for fracture to occur with a sufficient amount of
external force.

The current results show that the external pulling force
required to fracture the bone during the Hymel manoeuvre
is within the normal range that can be exerted by man.'®
This force is relatively small, between 10 and 20 N (equiv-
alent to lifting a 1—2 kg mass or a 1-2 1 bottle of milk), and
could arise from another person pulling the infant (as re-
ported in Hymel's study), friction, or entanglement with
surrounding objects (such as bedding). Because the
moment arm (trunk width) is longer than the humerus, this
would allow even a toddler to cause fracture by “pulling”
the infant. Indeed, this is confirmed by Case 1 presented in
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Hymel’s report, where a 2-year-old sister rolled her brother
over causing his humeral fracture to occur.

In the current study, the maximum angle through which
the child’s arm could move towards the back of the body
was assumed to be in a similar range to adults: 45° in
horizontal extension and 60° in vertical extension.'® This
may not be appropriate as children are usually more flexible
than adults. The current results show that the predicted
strain values increase by 30% when the angle reaches the
extreme limit with no more than a 10% increase with each
increment. Even if an extension angle of 90° is considered
(which is highly unlikely as distortion of the shoulder joint
would occur), the predicted strains would still be far below
the elastic limit.

There are a number of potential limitations to be
addressed. First, only a small number of infants (three)
were simulated; however, the maximum forces were so
substantially below those required to fracture the hu-
meri of each child, that increasing study numbers
without changing the model assumptions is unlikely to
make a huge difference to the reported outcomes. This
should however be tested. Secondly, due to a lack of
input data in the literature, a number of assumptions
were made in developing the finite element models.
Specifically, the time taken by an infant to complete a
rolling manoeuvre and the portion of the body mass
contributing to the rolling motion are unknown. Conse-
quently, a worst-case scenario was chosen. The mini-
mum time to complete a roll used to calculate the
accelerations was estimated by reviewing representative
videos'??? of infants rolling from prone to supine, this
ranged from 0.3 to 0.7 seconds. To account for the
worst-case scenario, the lower bound value of 0.3 sec-
onds was used in the present model. Similarly, it is
reasonable to assume that the entire body mass of the
child (e.g., the head) does not contribute to the roll.
Nevertheless, to simulate the worst-case scenario, the
whole-body mass was considered in the model to
calculate the required moment for each child. These
assumptions are likely to provide an overestimation of
the moment and further reduce the likelihood of this
being a mechanism for humeral fractures in the non-
ambulant infant.

Furthermore, cartilage, overlying soft tissues, or the
increased flexibility of infant (compared to adult bone) was
not accounted for in the current study; all of these would
further reduce the likelihood of self-inflicted humeral
fractures in infants from rolling. Future work should also
aim at establishing more accurate boundary conditions for
the rolling manoeuvre. This needs to be combined with
more accurate calculation of the loads acting on the hu-
merus during rolling from the prone to supine position.
Repeated rolling might also occur when infants try to
master the manoeuvre. The amount of force generated by
this cyclic motion could outweigh a “1 1 bottle of milk” and
this scenario requires further investigation. Some input data
could potentially be generated by monitoring the motion of
a rolling infant using motion sensors, such as those used in
adults.?! %4
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Another limitation is the use of maximum strain crite-
rion instead of any shear criterion although the predomi-
nant load for the rolling scenario is torsion. This is mainly
because of the limited available data in the literature for
bone failure criteria. Therefore, the conventional principal
strain threshold was used.®”

A further limitation is that bone biopsy was not per-
formed, and underlying bone disease could not be
completely excluded; however, at the authors’ institution,
routine post-mortem investigation of all infants dying
suddenly and unexpectedly, consists of a full skeletal
survey or anteroposterior and lateral “babygrams”
(depending on size) and conventional autopsy. The ra-
diographs of the three infants recruited to this study were
reported as normal by experienced consultant radiologists
as part of their routine clinical work. Both the radiographs
and post-mortem CT examinations were further reported
as normal by a radiologist during the selection process for
this study. Following their full routine conventional au-
topsies (which includes measurement of serum vitamin D
and rib histology), causes of death were concluded to be
sudden infant death syndrome (SIDS) or sudden unex-
pected death in infancy (SUDI) as reported in Table 1.
Therefore, as far as possible, any underlying bone disorder
was eliminated. The possibility of a hitherto unrecognised
bone disorder is minimal, but cannot be completely
excluded.

Validation of this and similar models remains difficult.
One possible solution is to use an instrumented test dummy
to quantify the force subjected to the humerus for such
injuries and compare against model prediction. Such
dummies have been used in the past to investigate paedi-
atric injury risk, such as falling from a short distance?”°
and playground accidents.”’

It is worth noting that all currently available dynamic
models have been developed to simulate adult injuries.
Information on humeral and other fractures in infants,
including fracture types, patterns, and mechanisms should
be collected. Such data will help to inform future finite
element modelling studies, thus allowing firmer conclu-
sions to be reached in cases of suspected inflicted injury in
children.

In conclusion, the results of the present study show that,
in non-ambulant infants, rolling from prone to supine
without an applied external force does not generate suffi-
cient force to reach the fracture limit of the infant humerus.
Clinicians should apply caution in cases where such a
mechanism is proposed.
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