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Abstract

A review of the literature on adolescent idiopathic scoliosis (AIS)
reveals that the cause remains unknown. Further, scientific
investigation by researchers around the globe has determined that
neither the nervous or endocrine systems, nor the muscular, connective,
or 0sseous tissues are the primary causative factors which lead to the
development of spinal curvatures as seen in AlS. This report will serve
to introduce a new hypothetical model that we have termed, "The
Nighttime Perfect Storm Hypothesis.” The model serves to explain why
peripubescent children who have a particular genetic predisposition
may be at heightened risk of developing a curvature in their spine if
their body is habitually positioned while asleep in what we refer to as
the "Provocative Sleep Position (PSP)." The concept of spinal
stabilization is explored with respect to a landmark theoretical model
by Panjabi in 1992. In the case of AIS, the child's spinal stabilization
has gone completely awry. Through the lens of our hypothesis, this loss
of stabilization is due to four interdependent components that may
conspire and lead to the perfect storm. These components include 1) a
genetic predisposition, 2) sleeping in the Provocative Sleep Position, 3)
while in the REM stage of sleep, 4) during the child's peripubescent
growth spurt. Included is a complete biomechanical analysis of the
child's spine while lying in either the Prone or Lateral PSP, and how
this may lead to the development of a thoracic or lumbar curvature,
respectively. Finally, we propose a path forward that will make clear
the need for subsequent scientific investigation to determine whether or
not the "The Nighttime Perfect Storm Hypothesis" is a viable theory.

Copy Right, 1JAR, 2023,. All rights reserved.
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Adolescent Idiopathic Scoliosis (AIS) is defined as a spinal curvature that measures at least 10 degrees with curve
onset between 10 years of age and skeletal maturity [1]. Both the prevalence and severity of scoliosis is elevated in
girls as compared to boys, with the female-to-male ratio increasing from 1.4:1 in mild curves (10-20 degrees) up to
7.2:1 in severe curves (over 40 degrees) [2]. The overall prevalence rate of AIS ranges from 0.47-5.2% [2].
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According to the current literature, muscles [3, 4, 5, 6], connective tissues [7], osseous tissues, nor hormonal levels
are believed to be the primary causative factor in the development of AIS [8]. Rather, the noted changes in the spine
and associated connective tissues that have been observed in children with AIS are considered to be secondary to an
underlying pathophysiology of the disorder [9]. An effective preventive method for the management of AIS will be
elusive as long as the primary cause of scoliosis remains unknown [10].

The subject of sleep position and its potential involvement in the development of orthopaedic conditions such as AIS
has yet to be thoroughly examined by the scientific community. A review of the literature on the topic of sleep
position revealed that the majority of studies are primarily focused on sleep pathologies such as obstructive sleep
apnea, sudden infant death syndrome, insomnia, ulcer prevention, and sleep system designs [11].

While AIS patients have not been found to suffer from sleep disturbances [12], the scientific community has never
proven that sleep position is not the underlying environmental factor that participates in the development and
progression of the scoliotic curvature. The scientific method relies quite heavily on visual observation.
Unfortunately, the sleep positions of a child are inherently ill suited to observation due to the fact that sleeping is
typically performed in darkness and while under a blanket. Darkness is key because the production and release of
melatonin, the hormone that induces sleep, is heavily effected by the light-dark cycle, with increased production in
darkness and reduced production with light exposure [13]. Universal blanket use for warmth may be due to the
effects of the circadian rhythm on temperature regulation, which results in higher body temperatures during the day
and dropping temperatures during the first few hours of sleep [14].

In a historical overview on spinal deformities and the discoveries made by the great doctors of Ancient Greece,
Vasiliadis et al. reported that Hippocrates revealed in his writings what he believed to be the cause of scoliosis (as
we use the term today). He reportedly postulated two possible causes of the disease: "due to 'gatherings' (probably
tuberculous abscesses) on the inner side of the spine and postural - while in some cases the positions the patients are
accustomed to take in bed are accessory to the malady [15]."

A perfect storm is a meteorological event aggravated by a rare combination of circumstances. Similarly, AIS may be
considered a perfect storm that only develops in peripubescent children that have a particular genetic mutational
burden and regularly sleep in one of two positions during the REM stage of sleep each night. Consequently, we
decided to coin our model "The Nighttime Perfect Storm Hypothesis." The hypothetical model presented herein will
propel the AIS research community forward in exploring the potential relationship between sleep position and the
development of the structural spinal curvatures as seen in AlS.

Genetics And Epigenetics

Genetic studies of those with AIS have demonstrated linkage to a multitude of different loci throughout the genome.
However, despite the variety of association studies, linkage studies, and evaluation of candidate genes, no single
gene has yet to be determined to be the cause of AIS [16]. Burwell et al. have noted that while genetic factors may
indeed play an important etiological role in the development of AIS, the discordant findings in monozygotic twins
with AIS suggests that environmental factors must also contribute to the aetiology of this disease [17]. Kesling et al.
discovered only a 73% concordance among monozygotic twins and a 36% concordance of dizygous twins [18]. In a
study by Del Curto et al., a pair of monozygotic twins with AIS were evaluated, each with differing curve type, side
of convexity, and severity [19]. These phenotypic differences among monozygotic twins point to the participation of
the environment in the development of AIS [20].

In perhaps the first study of sufficient size to make heritability estimates of scoliosis, Grauers et al. gathered and
analyzed self-reported data on scoliosis from 64,578 twins in the Swedish Twin Registry. In their analysis, they
estimated that 38% of the variance in the liability to develop scoliosis is due to additive genetic effects and 62% is
due to environmental factors [21]. Oliazadeh et al. pointed out that it is likely that AIS phenotypic heterogeneity is a
result of the combination of genetic variations and biomechanical forces that are influenced by an individual's
behavior patterns [22]. Davies et al. adeptly described the role biomechanics might play in altering gene expression
via epigenetic pathways [23]. In summary, while genetics undoubtedly play a crucial role in the initiation and
development of AIS, it seems evident that there is an environmental factor that will provide the key to unlocking the
mystery of the underlying aetiology of AlS.
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Environmental Factors

Numerous studies have investigated, yet have failed to find, the environmental component that may participate in
the underlying aetiology of AIS. Lifestyle factors [24], dietary factors [25], environmental factors such as
industrialization [26], nor exercises [27] can account for why a spinal curvature develops and progresses in an
otherwise perfectly healthy child. The notable exceptions are studies that have found a potential correlation between
AIS and early life exposure to chlorinated pools [28, 29] and a Vitamin D deficiency [30, 31, 32, 33]. However,
when accounting for racial differences, Kiebzak et al. recently discovered that the percentage deficiency in Vitamin
D was no greater in girls with AIS as compared with race-matched cohorts without AIS [34].

Sleeping in a Hammock

One study found in the literature does briefly touch upon the potential participation of sleep position in the
development of AIS. Baroni et al. in Santa Cruz, Brazil tested randomly selected public school children for AIS and
proceeded to evaluate a variety of demographic and lifestyle factors to determine their potential participation in the
development of the scoliotic curve. They accounted for socioeconomic characteristics, anthropometry, lifestyle
habits, sexual maturation, and even the ergonomics of the children's school furniture. In the 212 pupils that
participated in the study, 123 of which who had AIS, of all the lifestyle factors investigated, there was only one that
directly related to the variability of developing AIS. The researchers concluded that sleeping in a hammock was
inversely associated with scoliosis [35]. In other words, the greater the proportion of time the child slept in a
hammock, the less likely she was to develop AIS. The significance here is that a hammock is primarily used for
lying in the supine position, and less commonly, in the lateral decubitus position. However, when children are
sleeping in a hammock, most likely they are NOT sleeping prone, and thus would be protected from the deleterious
effects of the Prone PSP. Therefore, if the only negative correlation with AIS that investigators found was with those
who slept more in hammocks each night, we might be able to infer that those who slept primarily in the supine
position had less incidence of AlS, which is what The Nighttime Perfect Storm Hypothesis would predict.

Panjabi's Spinal Stabilization Model

In 1992, Panjabi published a paper describing a hypothetical spinal stabilization model. His model encompasses
three functionally interdependent physiological systems within the body that serve to ensure the stability of the
spine. A spine is said to be stable if it can withstand varying mechanical demands due to changes in spinal posture,
and also adapt to static and dynamic loads. Spinal instability leads to abnormally large intervertebral motion
resulting in deformations of ligaments, joint capsules, annular fibers, and end-plates [36].

In the case of AIS, the stability of the spine has gone completely awry. Seemingly, out of nowhere, the child's spine
becomes misaligned in the coronal, sagittal, and axial planes [37]. Given these dynamics, it may be instructive to
turn to Panjabi's landmark theoretical model on spinal stabilization in order to discern what faulty mechanism may
reasonably account for the development of the spinal curvatures seen in AlS.

The 3 physiological subsystems in Panjabi's model include the passive musculoskeletal subsystem, the active
musculoskeletal subsystem, and the neural and feedback subsystem. The passive musculoskeletal subsystem is
encompassed by the vertebrae, intervertebral discs, facet articulations, spinal ligaments, and joint capsules. The
active musculoskeletal subsystem includes the muscles and tendons that surround and support the spinal column.
Finally, the neural and feedback subsystem is comprised of different force and motion transducers located in
ligaments, tendons (GTO's), muscles (muscle spindles), as well as the neural control centers of the central nervous
system [36].

In order to maintain spinal stability, the body utilizes the neural and feedback subsystem to continuously monitor
proprioceptive input from the various transducers located in the ligaments, tendons, and muscles. These signals are
relayed to the brain for processing. Once processed by the brain, stimulation of efferent neural pathways ultimately
lead to contractions in the appropriate musculature surrounding the spinal column, enabling the active
musculoskeletal system to stabilize the spine [36].

Under normal circumstances, within physiological ranges of spinal movements and against normal spinal loads, the
three subsystems function in a highly coordinated manner. Further, if dysfunction in a subsystem does develop,
compensation may be provided by the system, within certain limits. However, damage to even one of these three
subsystems due to disease, injury, or degeneration may deleteriously effect the stability of the spine [36].
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The Nighttime Perfect Storm Hypothesis

The Nighttime Perfect Storm Hypotheses proposes that there is a window of time during each 24 hour cycle of a
child's life when all three of the subsystems in Panjabi's model are dysfunctional simultaneously. During REM sleep,
accompanied by muscle atonia, the child's body may be situated in one of two possible Provocative Sleep Positions
(PSP), initiating a pattern of biomechanical forces that affect the child's recumbent body, potentially leading to the
development of either a thoracic or lumbar scoliotic curvature.

During the Nighttime Perfect Storm, four circumstances occur simultaneously, resulting in the initiation and
development of the spinal deformities seen in children with AIS. These 4 pillars include:

Pillar #1:REM Atonia:
During the REM stage of sleep, there is a disturbance in the operational interchange between the neural feedback
and control subsystem and the active musculoskeletal subsystem.

Pillar #2: Genetics:
The child has a genetic constitution that leads to dysfunction in the structural integrity of the spinal vertebrae,
intervertebral discs, and/or surrounding soft tissues of the passive musculoskeletal subsystem.

Pillar #3: Sleep position:
The child sleeps in either, or both, the Lateral and/or Prone Provocative Sleep Position (PSP).

Pillar #4: Adolescent growth spurt:
The child is going through her peripubescent growth spurt.

Pillar #1- REM Atonia

REM sleep is characterized by rapid eye movement, desynchronized rhythms in the electroencephalogram (EEG),
hippocampal theta activity, and a loss of postural muscle tone [38]. The neural control subsystem and the active
musculoskeletal subsystem cannot coordinate spinal stabilization while the child is in the REM stage of sleep. The
neuronal pathways governing REM sleep are located in the pontine and medullary brainstem. To summarize, muscle
atonia occurs when the glutamatergic neurons of the sublaterodorsal nucleus (SLD) activate glycinergic pre-motor
neurons in the spinal cord and/or ventromedial medulla which ultimately inhibits motor neurons [38]. Therefore,
during REM sleep, even though the sensory elements of the neural feedback and control subsystem are functional,
the brain is incapable of responding to the stabilization demands of the spine because the motor neurons are
inhibited from stimulating the stabilizing musculature.

A great deal of AIS research has focused on neurological deficits in children suffering with this condition. Scientists
have studied the neurofunctional and neuroanatomical changes seen in the cerebellum, brain stem, and cerebrum of
children with AIS [39]. While abnormalities in the cerebrum and brain stem have been found in those with AIS, no
solid evidence has proven that these alterations are primary and not a consequence of the curvature [72]. Numerous
researchers who have discovered abnormalities in the CNS of AIS patients have posed that these changes are not the
cause, but instead are secondary responses to the scoliotic curve [40, 41, 42, 43, 44].

Plllar #2 - Genetics

Bone

Low bone mineral density (BMD) is a consistent finding in those with AIS [45, 46, 47, 48]. Further, it has been
shown that the diminished BMD found in the bones of children with AIS may lead to a reduction in bone quality
[49, 50]. Due to the high prevalence of low BMD in those with AIS, a number of investigators have concluded that
BMD may serve as an independent risk factor for curve progression [51, 52, 53].

Genetic mutations associated with the metabolism of bone have been found in children with AIS, including OPG
[54], Runx2 [55, 56, 57], and MAPK? [58]. Epigenetic abnormalities of the bone have also been discovered, such as
miR-145 and B-catenin [59].

In addition to the progress that has been made on the genetic front, researchers have also investigated a number of

hormones that may play a potential role in the metabolic dysfunction of bone in children with AIS. Hormonal
abnormalities that might be involved include the leptin signaling pathway [60, 61], the melatonin signaling pathway
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[62, 63], as well as estrogen involvement [64, 65]. Additionally, other metabolic abnormalities have been discovered
in the bones of children with AIS, such as higher levels of the membrane protein RANKL and RANKL to OPG ratio
[66, 67]. Finally, mesenchymal stem cells in children with AIS have demonstrated a diminished propensity for
osteogenic differentiation [68, 69, 70].

Intervertebral Disc

Intervertebral discs display at least three times more deformation in the true sagittal, transverse, and coronal planes
as compared to the deformation of the vertebral bodies in those with AIS [71, 72]. Recently, this finding was
confirmed by Brink et al., who found that while the absolute height of the vertebrae did not differ between AIS and
controls in the midsagittal plane, the intervertebral structures significantly contributed to the anterior-posterior
length discrepancies due to lengthening of the anterior aspect of the disc [73].

Burger et al. performed a histological analysis of the intervertebral discs in children with AIS. They discovered
abnormalities such as increased synthetic and decreased proliferative cell activity, as well as increased protein
synthesis. Based on these findings, the authors concluded that initial genetic determinants are probably responsible
for these IVD elements. They claim that these histological abnormalities may be affected by the mechanical
environment [74].

Numerous genetic mutations associated with the intervertebral discs in those with AIS have been discovered, such as
the COMP gene [75], MMP-3 [76], IL-6 [77], and the Type X Collagen Gene [78].

Facet Joint

Shea et al. analyzed the micro-architecture of the vertebral facets in the thoracic spine of children with AIS. They
found that the bone of the facet on the convex side was more porous and had a thinner cortex as compared to the
concave side [79]. Bisson et al. recently investigated the facet joints of those with AIS and found clear signs of facet
joint degeneration with substantial proteoglycan loss. On the genetic front, they found a higher expression of MMP-
3, MMP-13, and IL-1p [80].

Ligaments

Elastic fiber abnormalities in the spinal ligaments of those with AIS have been reported [81]. There may be a genetic
link in children with AIS that can account for these spinal ligament abnormalities. For example, Sheng et al.
discovered that a common variant of the FBN1 gene is significantly associated with AIS susceptibility. Further, they
noted that decreased expression of FBN1 is correlated with curve severity in AIS [82].

Finally, as mentioned in the "Bone" section above, low BMD is a common finding in AlS. A notable study by
Neuman et al. showed that low bone mineral content may negatively impact the structural integrity of spinal
ligaments [83]. Thus, the low bone mineral density commonly found in children with AIS may effect the mechanical
properties of not only the bones themselves, but also the ligamentous attachments.

Pillar #3 - The Provocative Sleep Positions (PSP)

While the child is lying in either the Prone or Lateral Provocative Sleep Position (PSP), her spine will be effected by
gravitational forces that run transverse to her™" recumbent body. These forces will have a biomechanical impact on
the vertebrae, intervertebral discs, and surrounding soft tissues. The Nighttime Perfect Storm Hypothesis asserts that
the spine of the sleeping child will deform in patterned ways that model the familiar structural curvatures seen in
AlS.

As mentioned, there are two distinct PSPs. The Prone PSP leaves the body vulnerable to developing a structural
curve in the thoracic spine, while the Lateral PSP leaves the body vulnerable to the development of a lumbar curve.
In the discussion of the two Provocative Sleep Positions below, we will focus on the development of a right thoracic
curvature and a left lumbar curvature.
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A
Figure 1:- The Prone Provocative Sleep Position (PSP): with right leg elevated & head turned to the right, will lead
to a right thoracic curvature (dextroscoliosis).

The Prone PSP

The prone PSP is often adopted as an alternative to lying flat prone. When a child lies flat prone, the entire abdomen
and thorax will be flush with the mattress, both legs will be fully outstretched, and the pelvic section, being the
heaviest part of the body, will sink deeper into the mattress [84]. Ultimately, this sleep position leads to an increased
lumbar lordosis, and consequently, increased pressure on the lumbar facet joints [85]. In addition, the cervical spine
will be forced into maximal rotation when the head is turned to the side while in this flat prone sleeping position,
causing increased spinal loading due to compression of the facet joints in the upper cervical vertebrae on the side the
child's head is turned to [84]. Hypothetically, the increased pressure in the facets of both the lumbar and cervical
spine while in this flat prone position leads the child to adopt a slightly modified prone sleeping position. This
altered position is what we refer to as the Prone PSP.

While in the Prone PSP (See Figure 1), one will flex the hip and the knee on the side to which the head is turned. In
the case of a right thoracic scoliosis, one would expect the child to have her right leg elevated and head turned to the
right with either the left arm or both arms elevated above the head. The right leg acts like a kickstand on a bicycle,
allowing for the entire torso to lean at an angle relative to the mattress. Consequently, the left anterior rib cage
presses directly into the mattress, while the right anterior rib cage does not make meaningful contact with the
mattress.

While the child is sleeping in the Prone PSP, two primary forces are simultaneously effecting the thoracic spine:
rotation and extension.

Rotation of the Thoracic Vertebrae

According to The Nighttime Perfect Storm Hypothesis, the rotation of the thoracic vertebrae may be a direct
consequence of the constant pressure being applied by the ribs at the costovertebral articulations. This dynamic is
initiated as gravitational forces bear down on the rib cage. While in the Prone PSP, the left anterior aspect of the rib
cage will be compressed into the mattress. As these left anterior ribs meet the resistance of the mattress, a rotational
force is initiated. This force will first be transmitted across the body of the sternum into the right anterior rib cage.
From there, the forces are transmitted from the right anterior rib cage around the thorax and thru to the right
posterior rib cage. Lastly, these involved ribs in the right posterior rib cage apply pressure directly upon the
vertebrae they articulate with at the juncture with the thoracic spine.

A fundamental question that has confounded the AIS researcher community thru the years is whether the ribs follow
the rotational torque applied by the spine or if the opposite is true, whereby the ribs cause the vertebrae to rotate.
While very recent literature reviews on AIS purport that it is the vertebrae that dictate the motion of the ribs [86, 87],
a number of researchers have suggested that the opposite is true and that, in fact, it is the ribs that hold dominion
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over the vertebrae. For example, thoracoplasty was performed in multiple studies, each showing that a progressive
thoracic scoliosis curvature developed with the convexity directed toward the side of rib resection [88, 90].

As early as 1958, Roaf pointed out that the pressure the ribs impose upon the vertebrae cause these vertebrae to
rotate. He also observed that the pressure the ribs apply on the convex side of the curve is posterior to the axis of
rotation, while the pressure on the concave side is anterior to the axis of rotation [90]. Consequently, it is predictable
that when the right posterior ribs apply pressure to the right aspect of the vertebrae, the vertebrae will rotate to the
right (ie towards the convexity).

Sevastik et al. postulated that asymmetric growth of the ribs may be the primary cause of the thoracospinal
deformity in the case of right convex, thoracic, idiopathic scoliosis [91]. In what he referred to as “The
Thoracospinal Concept,” he postulated that adolescent girls with a right thoracic curvature had a sympathetic
nervous system disorder that directly impacted the thorax. Further, he wrote that this sympathetic nervous system
imbalance may lead to 1) a side to side disparity in blood supply within the thorax and 2) unequal activation of the
associated musculature. Both of these factors could conceivably lead to asymmetric rib growth and consequently
disturb the equilibrium of the forces determining the normal alignment of the thoracic spine, thus triggering the
development of a spinal curvature in all three cardinal planes [92]. Korovessis et al. subsequently showed that
female adolescents with progressive right-convex thoracic scoliosis displayed abnormalities in the evolution of the
anterior chest wall blood supply [93].

If the rotation of the vertebrae dictate the motion and the deformity of the ribs, then one would expect to always find
a curvature in the thoracic spine when there is rib humping. Yet, in a group of children referred to their clinic via a
scoliosis school-screening program, Grivas et al. found that out of the 83 children referred, 14 (16.9%) had
scoliometer readings that were equal to or greater than 7 degrees, yet their spines were completely straight [94].
Logically, this lends evidence to the argument that it is in fact the ribs that are rotating the vertebrae and not the
other way around.

As mentioned earlier, there is a loss of postural muscle tone due to the atonic state during the REM stage of sleep.
Notably, this includes marked muscle tone loss of postural muscles such as the intercostal muscles [95, 96] which
may leave the rib cage less stable [97], a factor particularly important when considering the development of thoracic
spine curvatures. Notably, in an animal model, Sevastik et al. showed that resecting three intercostal nerves on the
right side of growing rabbits elicits a moderate left-convex thoracic scoliosis as well as a reduction in the sagittal
curvature within 1 to 3 months [98].

Vertebral Extension (Hypokyphosis)

According to the Nighttime Perfect Storm Hypothesis, there are two possible mechanisms that may account for the
sagittal plane flattening in the thoracic spine, as well as the relative anterior spinal overgrowth so commonly seen in
thoracic curvatures of AIS [99]. The first is the gravitational force running transverse to the prone and horizontally
oriented thoracic spine. Also, extension of the thoracic spine may be enhanced further as the child places one or both
arms above their head while in the Prone PSP. [100, 101, 102].

Extension First, Rotation Second

Hypothetically, the rotational force applied by the right ribs on the right aspect of the vertebrae initially does not
cause the vertebrae to rotate. Instead, it is possible that the thoracic kyphosis must decrease below a certain
threshold before the rotational forces applied by the ribs can initiate rotation of the vertebrae. Therefore, in the initial
phases of AIS, the ribs are applying pressure upon the thoracic vertebrae while the child is asleep in the Prone PSP
as mentioned in the previous section. However, since the kyphosis of the thoracic spine has not decreased enough to
achieve rotational instability, the right posterior ribs will be compelled to reabsorb these biomechanical forces,
resulting in gradual bone remodeling of the involved ribs via mechanotransduction pathways leading to subsequent
rib humping. In addition, this dynamic may also lead to increased pressure placed upon the epiphyseal growth plates
within the right ribs and consequently stunt the growth consistent with the Heuter-Volkmann Law. This may explain
the rib length discrepancy found in children with AIS [103].
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Figure 2:- The Lateral Provocative Sleep Position (PSP)- leads to a left lumbar curvature (levoscoliosis) while lying
on left side.

The Lateral PSP

A neutral lateral sleeping position is inherently unstable due to the decreased amount of contact between the body
and the mattress surface as well as the body's more elevated center of gravity. Consequently, by bending the arms
and legs, a greater surface area of the body makes contact with the mattress, thus improving the overall stability of
the body [84]. This may explain why many sleep in a modified lateral sleeping position, which we refer to as the
Lateral PSP (Figure 2). Cary et al. also identified this sleep position in their study, calling it "3/4 side lying." They
point out that while in this modified side sleeping position, the top femur (thigh) that is furthest from the mattress
does not rest directly on the lower thigh that is adjacent to the mattress. Instead, the top thigh is flexed further at the
hip, allowing for the top knee to lower to and rest upon the mattress. The authors note that this obliquity between the
upper and lower thighs force the lumbar vertebrae into rotation and extension [1]. Further, while sleeping on one's
side in a non-neutral manner, lateral bending as well as unbalanced loading of the intervertebral discs and facet
joints may occur [104].

Perhaps, the transverse dimensions of the pelvis will have a direct effect on the biomechanics of the thoracolumbar
and lumbar spine regions while in the lateral PSP. Conceivably, the pelvic width is a direct determinant of how far
the upper femur will be positioned away from the mattress surface. The broader the child's pelvis, the stronger
moment due to a longer moment arm, resulting in potentially more lumbar rotation and extension, leading to either a
lumbar (or thoracolumbar scoliotic curvature).

To summarize, if the child were lying on her left side while in the Lateral PSP, her right thigh would fold forward in
front of the left thigh, allowing the right knee and lower leg to rest directly upon the mattress. One would expect the
spine to laterally bend towards the mattress due to gravitational forces leading to a global lateral curvature in the
lumbar spine that is convex to the left. Additionally, the lumbar vertebrae will rotate due to the obliquity of the
thighs as discussed above.

With regard to pelvic and lumbar kinematics, the Lateral PSP is biomechanically very similar to the body
positioning during gait. In the Lateral PSP, the upper leg furthest from the mattress is flexed forward at the hip joint,
which is analogous to the moment just prior to heel strike during gait. Further, during normal gait, when one takes a
step, the opposite arm reflexively is flexed forward simultaneously. Similarly, when one is in the Lateral PSP, the
arm that is adjacent to the mattress tends to be flexed forward. The authors acknowledges that turning to gait as a
model to study the biomechanics of the Lateral PSP has its limitations due the fact that one's body is oriented
vertically during gait, yet horizontally while asleep.
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A number of studies have focused on the positioning of the lumbar vertebrae during gait. Gombatto et al. evaluated
the kinematics of the lumbar spine during gait of individuals with and without low back pain. They determined that
both axial rotation and lateral bending occur in the upper and lower lumbar vertebrae [105]. In other words, while
walking, when one leg is fully flexed forward, similar to when the body is in the Lateral PSP, the lumbar vertebrae
demonstrate rotation as well as lateral deviations in the frontal plane, allowing a temporary scoliotic curvature to
develop globally throughout the lumbar spine. In a separate study, Crosbie et al. investigated the patterns and ranges
of movement of not only the lumbar spine, but the lower thoracic spine as well. They noted that during gait, lateral
flexion of the vertebrae occurred in both the lower thoracic and lumbar spinal regions. Significantly, they pointed
out that while the patterns of motion in the lower thoracic spine and lumbar spine were similar, they occurred in
opposite directions [106].

To summarize, if the child were lying on her left side while in the Lateral PSP, her right thigh would fold forward in
front of the left thigh, allowing the right knee, tibia and foot to rest directly upon the mattress. One would expect the
spine to laterally bend towards the mattress due to gravitational forces leading to a global lateral curvature in the
lumbar spine that is convex to the left. While positioned in the lateral PSP, this lumbar convexity on the left could
conceivably lead to a perpetual tension placed upon the left quadratus lumborum due to the progressive separation of
the 12th rib from the iliac crest. This would in effect lead to a chronic tension placed on the 12th rib with potential
overgrowth consequences, as tension leads to enhanced bone growth per the Heuter-Volkmann Law. In one study,
14 AIS children with lateral lumbar curves with Cobb angles ranging from 5-22 degrees were analyzed, and it was
discovered that in 12 of the 14 children, the 12 rib was longer on the side of the curve convexity[107].

Pillar #4 - Adolescent Growth Spurt

In AIS, the spine is most vulnerable to curve development during the adolescent growth spurt [108], with the most
rapid rate of curve progression occurring during the beginning of puberty [109, 110]. The relationship between the
growth spurt and curve progression centers around the vertebral growth plate, the central player in longitudinal
vertebral growth during the pubertal phase of growth [111]. To that end, melatonin may participate in AIS in
relation to it's role in the timing of menarche, a factor that potentially leaves girls more vulnerable to developing AIS
due to the expanded time window of bones that have not yet fully matured, and thus may more easily deform [112].

In order to explain how gravitational forces might effect the tissues of the thoracic spine and account for findings
such as relative anterior spine overgrowth seen in thoracic curvatures, we will turn to an explanation by Haex. He
does not write on the mechanics of the thoracic spine while in a completely prone sleeping position with
outstretched legs. However, he writes the following in regard to the lumbar spine while sleeping in a prone position.
He states, "Gravity causes the heaviest middle part of the human body to sink deeper into the mattress while legs
remain stretched. Consequently, lumbar lordosis will increase significantly and will augment the pressure on the
facet joints at the posterior side [85], while soft tissues (e.g., ligaments) will be under tension at the anterior side
[84]." The Nighttime Perfect Storm Hypothesis predicts that a similar biomechanical event occurs in the thoracic
spine that is being driven into extension while in the Prone PSP, as detailed in a previous section. Based on the
"Hueter-Volkmann Law", this dynamic should lead to gradual overgrowth of the anterior aspect of the involved
thoracic vertebrae and diminished growth in the posterior aspects of these same vertebrae [113]. Ultimately, these
growth patterns may be responsible for the relative lengthening of the anterior aspect of the disc seen first [73] and
the eventual relative anterior spinal overgrowth [99] leading to the consequent vertebral wedging seen in the sagittal
plane of the thoracic spines of children with AlS.

Curvature Development: Upright Or Recumbent?

One fundamental question is whether the scoliotic curve is more likely to develop while the child's body is upright
or while recumbent. It is thought that the compressive load due to gravity and muscle contraction is likely to be
much greater while the spine is vertically positioned as compared to horizontally. [114, 115]. Further, it has been
discovered that spinal movements decrease under a superimposed compressive load [116, 117]. On the contrary,
while lying down, there is a reduced gravitational load in the craniocaudal direction, creating a low compression
environment which potentially allows for an increased range of spinal movement [118].

The Intervertebral Disc And Recumbency

It has been found that torsion loads applied to the body while in a weight bearing position are primarily resisted by
the zygopophyseal joints of the spine. However, while recumbent, torsion loads are mostly absorbed by the annulus
fibrosis of the intervertebral discs [119]. Thus, whether the child's body is positioned in either the Prone or Lateral
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PSP, the intervertebral discs may be the most vulnerable tissues. It was discovered by Grivas et al. that the scoliotic
spine first deforms at the level of the intervertebral disc (IVD), not the vertebrae, due to the increased plasticity of
the 1VD [120]. Later, these findings were confirmed by Will et al. [121]. Notably, many researchers that have
discovered histological abnormalities in the intervertebral discs of children with AIS have concluded that these
abnormalities are secondary to an altered mechanical environment [122, 123, 124, 125].

Utilizing CT technology, Brink et al.discovered that the intervertebral discs contribute more to anterior length of the
spine compared to the contribution by the vertebrae [126]. They suggest that this finding implies that the curve
progresses due to altered mechanical loading and NOT a primary growth disturbance.

While in the Prone PSP, the thoracic spine will be exposed to extension and rotation forces, potentially leading to
wedging and torsion in the intervertebral disc, respectively. Separately, while in the Lateral PSP, torsion forces will
be applied to the IVD of the lumbar spine. Hypothetically, throughout the night, and as the intervertebral discs are
deranged due to the deleterious biomechanical effects of sleeping in one of the PSPs, the asymmetrically positioned
proteoglycans macromolecules within an asymmetrically positioned nucleus pulposus within the disc will imbibe
water, and then expel water throughout the day while the child is upright. This process of imbibing and expelling of
water by the GAGs of intervertebral disc is referred to as the Gibbs Donnan effect [127].

In a paper very recently published by Grivas, he proposed that the cyclical diurnal variation in the water content of
the discs which are wedged may directly effect the adjacent secondary growth centers of the vertebrae in what the
author refers to as the "accordian-like phenomenon”[128]. It must be pointed out that his concept that the stage of
REM sleep is highly significant for scoliogenesis due to the atonic state of the musculature during this sleep stage is
totally consistent with The Nighttime Perfect Storm Hypothesis. He explained that since the scoliotic disc is wedged
and the GAGs are asymmetrically positioned, with greater concentrations located on the convex side of the disc,
there will be more water imbibed and expelled throughout the 24 hour cycle on this convex side as compared to the
concave side. Furthermore, this intermittent loading on the convex side of the disc, which falls within the normal
limits of stress and strain, will result in stimulation of the adjacent vertebral growth plate, as suggested by Pauwel's
law. However, the concave aspect of the wedged disc, with decreased concentration of GAGs as compared to the
convex side, is not subject to the cyclic loading process throughout the 24 hour cycle. Instead, compressive forces
that will be translated to the adjacent growth plate will lead to a net decrease in the rate of chondrocyte proliferation,
consistent with the Heuter-Volkmann Law. The net effect of this pattern may be asymmetrical growth of the
vertebral body, as well as the posterior elements of the vertebrae.

Are Bone Growth Changes Most Likely To Occur At Night?

In reference to the skeletal system, it has been known for some time that metabolic functions of chondrocytes [129,
130, 131], osteoclasts [132], osteoblasts [133], and osteocytes [134] display intrinsic circadian rhythms [135, 136].
In fact, if defined by circadian variation in bone turnover markers, according to Hettiarachchi et al., bone remodeling
exhibits a unimodal diurnal rhythm that crests during nocturnal hours while reaching its nadir during daytime hours
[137].

Pillar #4 of The Nighttime Perfect Storm Hypothesis stresses the importance of the adolescent growth spurt in the
development of AIS, a process in which bone growth is integral. Noonan et al. set out to determine the timing of
bone growth in lambs, studying four growthplates (proximal and distal radial; proximal and distal tibial) to
document bone growth every 167 seconds for 21 to 25 days. They discovered that 90% of bone elongation occurred
during recumbency and almost no growth occurred during standing or locomotion. The authors hypothesized that
the same pattern of nocturnal growth may also occur in children during rest or sleep, thus supporting the concept of
nocturnal growth and perhaps a relationship to growing pains [138]. If vertebral growth in children is indeed a
nighttime event that occurs during the hours of recumbency, it is all the more plausible that the child with a genetic
predisposition to AlS will be vulnerable to developing a spinal curve while positioned in one of the two PSPs.

REM And Time Spent In The Provocative Sleep Position

Hypothetically, increased time spent in one of the PSPs only increases the window of time that the spine will be
vulnerable to curvature development in those children with genetic vulnerabilities to AIS. However, it may be that
the effects of the PSP are most damaging while the child is in the REM stage of sleep, given that REM sleep is
accompanied by full body muscular atonia [139]. If this were the case, children with a genetic vulnerability for AIS
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may be at greater risk if they are also physiologically programmed to spend more time in the REM stage of sleep
while asleep at night.

Leptin And REM Sleep

Currently, it is thought that hormonal disturbances may contribute to bone mass abnormalities in the spinal
vertebrae, contributing to the progression of spinal deformities in those with AIS [140]. One of the suspected
hormones that may participate in the development of AIS is leptin. Qiu et al. found that blood leptin levels are
significantly lower in girls with AIS compared with healthy controls [141]. They determined that this correlation
may mean that leptin plays a role in the lower BMI and bone mass found in girls with AIS. Other researchers have
also found an association between AIS and low leptin levels [142, 143]. In a population- based prospective study
conducted by Clark et al., it was discovered that low fat mass, low lean mass, low circulating leptin and high
circulating adiponectin levels in 10-year olds was associated with scoliosis by 15 years of age [144].

While leptin's role in AIS has been explored within the context of osteology and BMI, there may be an alternative
explanation of leptin's participation in the development of AlS. In a study designed to examine the relationship
between serum leptin and REM sleep in a sample of healthy adults, Olson et al. found that a greater percentage of
REM sleep was accompanied by marked reductions in leptin [145]. Might it be that low leptin levels found in
children with AIS is related to the amount of time they are spending in a PSP while in the REM stage of sleep?

BMI And REM Sleep

Low BMI has been found to be associated with AIS [146, 147, 148]. Separately, there also may be an association
between BMI and REM sleep. In a study of 319 Caucasian and Hispanic children between ages 10 and 17 years
designed to determine if there was a relationship between sleep architecture and BMI, nutrition, and physical
activity, Karim et al. discovered that in girls, total fat intake was associated with a reduction in REM sleep [149]. It
may be that there is also a relationship between BMI and total sleep time. Benefice E et al. discovered that while
puberty status did not influence sleep habits of the girls in their study, there was a significant relationship between
BMI and sleep habits. Girls who were thinner slept a longer time and more quietly than those who were overweight
[150].

Latitude And Total Sleep Time

Brockmann, et al. discussed the possibility of there being a correlation between latitudinal levels and sleeping
patterns. In their findings, they discovered that those who lived in higher latitudes tended to sleep more. [151] If the
PSP indeed participates in the development of the scoliotic curve, we would expect a higher incidence of AIS in
higher latitudes where people sleep progressively for longer periods.

Grivas et al. conducted a literature review examining whether there were differing prevalences of AIS at different
latitudes. They evaluated seventeen peer-reviewed published papers, reporting that there was a definitive positive
association between prevalence of AIS and geographic latitude. They found this pattern particularly for girls in their
study. Further, they concluded that this positive association implicates the possible role of environmental factors in
the pathogenesis of AIS [110].

Gender: Breast And Hip Involvement In AIS

As mentioned, the prevalence and severity of the spinal curvatures seen in AIS are higher in females than males
[152]. Likely, there are a multitude of reasons for the noted gender discrepancy. However, within the context of The
Nighttime Perfect Storm Hypothesis, the development of breasts and hips in girls during puberty may serve to
exacerbate the thoracic and lumbar curvatures, respectively, ultimately accounting for the sexual dimorphism seen in
AlS.

Breast Development and the Prone PSP

AIS most commonly manifests during the peripubital period, a phase of growth that generally occurs at 11-14 years
of age [153, 154]. Further, the fastest rate of development of the spinal curvatures is seen during the beginning of
puberty [155, 156]. This period of time corresponds to Stage 2 according to the Tanner Scale [157], an objective
classification used by providers in order to document and track the development of secondary sex characteristics
during puberty [158]. Stage 2 marks the period of thelarche, the onset of breast development, where the breast bud is
palpable under the areola (1st pubertal sign in females) [158]. Girls achieve peak height velocity during sexual
maturity ratings 2 and 3 (mean: 8.3 cm per year, age 11 or 12 years) [159].
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Breast development may play an integral role in the development of thoracic curvatures seen in AlS. In reference to
the Prone PSP, the reader will remember that the left anterior ribsare compressed into the mattress and this starts a
chain of reactive forces that ultimately lead to the right posterior ribs pressing into the vertebrae, resulting in the
development of a right thoracic curvature. Perhaps, the developing breasts during the early stages of puberty lead the
female child to develop slight adaptations while in the Prone PSP. Developing breast buds are often accompanied by
soreness [160] which may prompt the child to unconsciously position her thorax at a slightly greater angle with
respect to the mattress in order to avoid direct pressure in the pain sensitive region, resulting in more rotational
torque on the entire rib cage in a clockwise direction (when viewing from above) as the left anterior ribs press into
the mattress.

As the child enters Stage 3 on the Tanner Scale and the breasts continue to grow larger, she may consciously (or
unconsciously) position the left breast towards the midline of the body so she is not sleeping directly on the breast
itself. Positioning the breast towards the midline may serve to increase the rotational torque in the ribcage
(clockwise if looking at the body from above) while in the Prone PSP due to an increase in tension of the soft
tissues, potentially exacerbating curvature development.

Alternatively, it may be that as the breasts develop, instead of the left breast being positioned towards the midline,
the child sleeps directly on the left breast while in the Prone PSP with right leg elevated and head turned to the right.
Possibly, the additional mass of breast tissue between the left anterior ribs and the mattress serves to create even
more pressure on the rib cage, ultimately leading to more torque on the thorax and consequent pressure on the
associated thoracic vertebrae.

Hip Development and the Lateral PSP

While breast development may be a contributing factor in the thoracic curvature while the female child is in the
Prone PSP, the broadening of the hips may contribute to the development of the lumbar curve while the female child
is in the Lateral PSP. The pubertal stage of growth in girls is partly characterized by broadening and rounding of the
hips, a result of increased width between iliac crests [161]. The increased width of the hips may change the
biomechanics in such a way that may generate more torque throughout the lumbar spine while the child is positioned
in the Lateral PSP.

Further, in another finding that highlights the sexual dimorphism with respect to the morphology of the skeletal
system, it has also been discovered that the lower ribs tend to droop more in girls than boys. The authors of this
finding suggested that the increased transverse diameter of the pelvis in females, a harbinger of the childbearing
years approaching, necessitates a decreased transverse diameter in the lower thorax as a way of maintaining the
economy of energy expenditure during gait. They posed that a broad lower thorax plus a broad pelvis would create
far too much inertia during gait. Thus, if the lower thorax is reduced in transverse diameter (by the drooping of the
ribs), then the proper amount of inertia may be established [162, 163].

Also, the hip widening would be accompanied by an increase in the overall mass of the pelvis. Conceivably, this
increased mass may lead to the pelvis sinking deeper into the mattress, possibly leading to increased lateral flexion
throughout the lumbar spine. In summary, the increased dimensions and mass of the pelvis in females going through
puberty may participate to curve development in the lumbar spine due to rotary and lateral flexion forces.

The Thoracolumbar Curve

The reader may be wondering why thoracolumbar curvesare absent from the discussion thus far. In an attempt to
minimize the amount of conjecture, the focus of The Nighttime Perfect Storm Hypotheses has been on the
development of thoracic and lumbar curvatures due to the effects of the Prone and Lateral PSPs, respectively. The
thoracolumbar curve is a distinct curvature pattern, categorized as a Type 5 Lenke curve, with apex located between
the cephalad border of the twelfth thoracic vertebra and the caudad border of the first lumbar vertebra [164].

It may be that the apical location of the scoliotic curvature that develops in the lumbar spine is determined by how
much the child flexes her thigh that is furthest from the mattress while in the Lateral PSP. As the thigh is flexed
more, possibly the apex of the curve will shift steadily in a superior direction. Thus, the greatest degree of thigh
flexion while in the Lateral PSP might be expected to cause a thoracolumbar curvature to develop. However, when
there is less flexion in the thigh furthest from the mattress, a curvature may more likely develop between the first or
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second lumbar disc and the caudad border of the fourth lumbar vertebra, what Lenke et al. defines as a lumbar
curvature [164].

Handedness And Side Of Curvature

While in the prone PSP, one leg is elevated. The elevated leg in our example is on the right (See Figure 1).
Importantly, 90% of the general public are known to be right side dominant [165]. The vast majority of stomach
sleepers sleep in the Prone PSP with right leg elevated. While no research is currently available to verify this claim,
the primary author has interviewed thousands of patients in clinical practice regarding their sleeping positions and
found this to be the case. There may be a number of reasons why someone who is right side dominant would
instinctively prefer to raise their dominant right leg while in the Prone PSP. Barut et al. explored the relationship
between hand and foot preference and found that right-handed men preferred their right foot 75.5% of the time,
while right-handed women preferred their right foot 89.9% of the time [166]. The side preference would support the
findings of Goldberg et al, who discovered a correlation between scoliosis configuration and handedness [167].

A further association between handedness and side of the curve was discovered by Grivas et al., who explored the
possible correlation of trunk asymmetry, as assessed by scoliometer evaluation, and lateralization of the brain, as
expressed by handedness in a population of school aged children. Their findings showed a significant statistical
correlation of trunk asymmetry and handedness in both girls and boys with a mid-thoracic asymmetry, but not in
those with a thoracolumbar or lumbar asymmetries [168]. This finding may serve as a clue, where handedness may
turn out to be a factor in lateralization preferences in only one of the two PSPs. Simply put, since they discovered
lateralization to be statistically significant in the boys and girls with mid-thoracic asymmetry, but not in those with a
thoracolumbar or lumbar asymmetry, this could possibly mean that children who assume the prone PSP do tend to
flex their dominant thigh and turn their head to their dominant side which would lead to a thoracic scoliotic
curvature with convexity to the dominant side as well. However, it may be that the laterality of thoracolumbar and
lumbar curves do not correlate with handedness because perhaps lateral recumbent preferences (ie sleeping on one’s
left or right side) are guided by factors other than handedness.

The Path Forward

In order to determine whether or not The Nighttime Perfect Storm Hypothesis can account for the initiation and
development of the spinal curvatures seen in children with AIS, the first question that needs to be investigated is
whether or not a child with a developing structural thoracic curvature customarily sleeps in the Prone PSP and
whether a child with a developing lumbar curve regularly sleeps in the Lateral PSP. Video recording is the proposed
method to investigate this question. A self-report survey to find out the child's nightly sleep positions would be
expedient. In fact, some studies have reported moderate to high correlation between self-reporting by the sleep
subject and their sleep position determined by video recordings in a lab setting [169, 170]. However, more recent
studies have demonstrated a high inaccuracy rate of self-reporting [171], with one study reporting a 42.3%
misreporting rate for the second laboratory self-report [172]. Another advantage of video recording the sleeping
child throughout the night is that it would allow investigators to study the exact positioning of the child's body as
well as the time spent in each sleep position [118].

If the first study demonstrates a high correlation between the children's sleep positions and their developing spinal
curvatures as predicted by The Nighttime Perfect Storm Hypothesis, the next proposed step would be to develop an
orthopaedic device that will prevent the child with AIS from lying in either the Lateral PSP or Prone PSP. The
individuals in the study groups should have curves between 10-25 degrees, the period when they would be under
observation according to the current SOSORT Guidelines [173]. One sample group of AIS patients (thoracic curves,
lumbar curves) will get their sleep orthotic device, while the other sample group of AIS patients (thoracic curves,
lumbar curves, with roughly the same average curvature magnitude as the other group) will NOT use the sleep
orthotic. X-rays should be compared over a reasonable time period to determine if there is any difference in the
progression of the curve between the two groups. Results will determine whether or not preventing the child from
sleeping in the PSP either completely or partially halts curvature progression, and whether the Nighttime Perfect
Storm Hypothesis will become a new theoretical model that can guide clinicians in a new era of treatment for AlS.
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