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Background: About 20% of individuals with autism spectrum disorders (ASD) showed tip-toe behavior (TTB). This
behavior may be related to a decreased ankle joint range of motion (ROM) in dorsiflexion. Physiologically,
gastrocnemius (GM) and soleus (SM) muscles influence ankle ROM independently. However, no studies inves-
tigated the relationship between the amount of time individuals with ASD spend in TTB and GM and SM muscle
lengths.

Objective: To evaluate the relationship between three mutually exclusive clinical patterns of TTB i.e., during
standing, walking and running (TTB Class 1), or during walking and running (TTB Class 2), or only when running
(TTB Class 3), and GM and SM muscle lengths.

Methods: Sixty-nine individuals with ASD (average age: 14.1 + 3.6 years, 56 males) were enrolled. In a clinical
setting, SM and GM muscle lengths of both legs were assessed through a manual goniometer. Measurements were
performed by two trained assessors blinded to TTB classifications.

Results: Individuals with ASD classified as TTB Class 1 demonstrated a shortening of both GM and SM compared
with NO-TTB and TTB Class 3 individuals.

Conclusions: Our results support the relationship between TTB severity and GM and SM shortening assessed by a
decreased ankle joint ROM in dorsiflexion. Further studies are needed to determine the factors associated with
TTB and decreased ankle ROM.

1. Introduction

Motor deficits are not included in current autism spectrum disorders
(ASD) diagnostic criteria'; however, they may be the first sign of atyp-
ical development in ASD.” Recent evidence suggests that developmental
motor delays and motor impairments during early childhood may also
be significant predictors of ASD and may influence the cognitive
development.?

In their meta-analysis, Fournier et al.> found that individuals with
ASD displayed motor impairments compared to healthy subjects, sug-
gesting motor deficits as a salient feature of ASD. A wide range of motor
impairments is reported among individuals with ASD as alterations in
motor milestone development” such as disturbances in reach-to-grasp

movements, deficits in gross and fine motor movements and praxis,
impaired postural capacity and gait impairment.”

Toe walking (TW) is a possible finding during the gait assessment of
individuals with ASD. Clinically, TW refers to walking on the toes
without heel strike upon initiation of the stance phase of gait.® To be
considered present, the duration of TW needs to be present for more than
six months. While TW may be a manifestation of peripheral musculo-
skeletal motor impairments, it may also be considered as a sensory
processing disorder employed by these individuals, as suggested in other
research.” TW prevalence has been estimated at about 20%.° TW was
found to be significantly more prevalent in children with ASD compared
to indéviduals with developmental disorders,® and typically developing
peers.
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Earlier studies suggested that TW is not only present during walking
but also in other functional activities such as standing or running.’
Recently, TW has been defined as tip-toe behavior (TTB), since TW was
displayed across various motor activities in individuals with ASD, i.e.,
standing, walking, and running.” In this study, the authors described the
existence of three mutually exclusive clinical patterns of TTB: 1) TTB
during standing, walking and running (TTB Class 1), 2) during walking
and running (TTB Class 2), 3) only when running (TTB Class 3).°

Physiological gait studies have shown that safe gait requires 10-15°
of ankle dorsiflexion, grating the tibia to advance over the foot. This
range of motion (ROM) widely depends on the physiological length of
the gastrocnemius muscle (GM), soleus muscles (SM), and Achilles
tendon (AT).

Persistent TTB in individuals with ASD is thought to be related to the
shortening of the AT,” which may lead to a decrease of ankle ROM in
dorsiflexion. However, it is not clearly understood why some individuals
with ASD develop a decrease of ankle ROM in dorsiflexion while others
do not.

Anatomically, the distal portion of GM and SM coalesce into the AT,
while their proximal origin is different. GM originates from the lateral
and medial condyle of the femur while SM just below the knee joint.
Therefore, GM and SM length may affect ankle ROM independently. '’
Clinically, GM length should be tested by placing the knee in extension
and the ankle in dorsiflexion. In contrast, SM length should be tested by
placing the knee in flexion and the ankle in dorsiflexion.'® Hence in
clinical settings, it is crucial to consider the influence of GM and SM over
the ankle joint when assessing ankle ROM on functional activities
involving a complete knee extension (e.g., standing or walking).

Recently, Valagussa et al.’ suggested that a possible contributing
factor leading to GM and/or SM shortening in children with ASD might
be the amount of time they spend in TTB during the day. Clinically,
individuals presenting TTB during standing, walking, and running may
be more at risk to develop GM and/or SM shortening compared to
subjects displaying TTB only during running or are NO-TTB. Muscle--
skeletal adaptation to mechanical stimuli physiologically supports such
hypothesis.'!

While the use of reliable and valid measures of motor function is
widely recognized to identify specific motor impairments, a recent sys-
tematic review on TTB assessment in individuals with ASD pointed out
the lack of quantitative studies and the heterogeneity of evaluation
methods.'> Moreover, to the best of our knowledge, an assessment of
ankle ROM differentiating between SM and GM complex in individuals
with ASD has not been reported. Therefore, the aims of this
cross-sectional study were: 1) to evaluate ankle ROM discriminating
between SM and GM lengths in a sample of individuals with ASD; 2) to
compare muscle length values in NO-TTB and TTB ASD individuals and
compare the muscle length values of each of the four subgroups
(NO-TTB; TTB Class 1, TTB Class 2, and TTB Class 3).

2. Methods
2.1. Participants

The cross-sectional study included sixty-nine consecutive subjects
attending a center for Autism Research and Treatment (Villa Santa
Maria Institute, Italy). The inclusion criteria were: 1) an ASD diagnosis
according to the DSM 5 criteria'; 2) a diagnosis confirmation based on
the Autism Diagnostic Observation Scale - 2nd edition (ADOS-2; )
assessed by physicians not involved in the study; 3) no previous surgical
history affecting ankle ROM; 4) no history of congenital shortening of
the Achilles tendon. The exclusion criteria were: 1) comorbidities that
would impact gait, i.e., cerebral palsy, upper motor neuron syndromes,
tethered spinal cord, spinal muscular atrophy, muscular dystrophy, tri-
somy 21, Rett Syndrome; 2) impaired of full knee extension ROM.

The severity of autism was established using the data from the ADOS
Calibrated Severity Score (CSS).'* Intellectual disability (ID) was
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evaluated using the four categories proposed in DSM 5: mild, moderate,
severe, and profound.1

Parents or guardians of all participants signed an informed consent
form to participate in the study. Ethical approval was obtained from the
local IRB Insubria’s Ethics Committee.

2.2. Procedure

2.2.1. TTB assessment

Using a standardized methodology described in a previous study,” a
trained pediatric physical therapist assessed the presence/absence of
TTB during standing, walking and running using direct observation and
an interview of the primary caregiver living with the study participant.

2.2.2. Muscle lengths assessment

Clinically, GM and SM lengths can be measured indirectly by testing
ankle ROM with the knee extended and knee flexed, respectively.'’ The
following procedure was performed. Two senior pediatric physical
therapists (assessor 1 and assessor 2), blind to TTB assessment, tested
GM and SM lengths.

A universal manual goniometer 20 cm long with 2° increments'’ was
used. The goniometer fulcrum was placed over the lateral malleolus. The
proximal arm was aligned with the lateral midline of the fibula using the
head of the fibula as a reference. The distal arm was placed parallel to
the distal profile of the hindfoot. Then, assessor 1 moved passively and
slowly the ankle towards full dorsiflexion and assessor 2 recorded the
angles. All measurements were performed with the participant in the
supine position. The ankle dorsiflexion ROM was recorded at two knee
positions i.e., knee flexed 90° to evaluate SM (Fig. 1) and fully extended
to evaluate GM (Fig. 2). Both lower limbs were evaluated, and all as-
sessments were randomized across participants. One measurement for
each muscle length per subject was performed.

The same procedure was applied to all participants to reduce mea-
surement error. Muscle lengths were expressed as degrees of ankle
dorsiflexion starting from a zero position (i.e., 90° between the leg and
rearfoot).

2.3. Statistical analysis

Data are presented as percentage and mean + standard deviation
(SD) for nominal and continuous variables, respectively. Data were
checked for normal distribution (i.e., Shapiro-Wilk test p-value > 0.05
and by visual inspection of Q-Q plot). T-test and one-way ANOVA were
used if assumptions for data normality and homogeneity were met.
Mann-Whitney and Kruskal-Wallis were used for data non-normally
distributed. In particular, chi-square (y2) tests were used to test for
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Fig. 1. Assessment of soleus muscle length.



G. Valagussa et al.

Fig. 2. Assessment of gastrocnemius muscle length.

differences between ID, TTB and NO-TTB individuals. Muscle lengths
between TTB and NO-TTB individuals were examined using T-Test or
Mann Whitney Test. To investigate differences in muscle length between
NO-TTB and each TTB subgroup, a Kruskal-Wallis test was run for each
muscle and each side separately. Dunn pairwise tests were performed for
post hoc tests with Bonferroni corrections. The relationship between
muscle lengths and lower limb side were analyzed with Spearman rank
correlations. Significant level was set at p-value <0.05. Data analysis
was performed using SPSS version 20.0 for Windows (IBM Corp.,
Armonk, NY).

3. Results
3.1. Demographic characteristics

Participants’ characteristics are shown in Table 1. All individuals
were compliant both during the TTB assessment and during the gonio-
metric measurements.

Twenty-three out of 69 (33.3%) individuals displayed TTB in three
mutually exclusive modalities: (a) ten individuals (14.5%) exhibited it
while standing, walking and running (TTB Class 1), (b) eight (11.6%)

Table 1
Demographic characteristics and clinical features of ASD sample and subgroups.
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only during walking and running (TTB Class 2) and (c) five (7.3%) only
during running (TTB Class 3).

The overall mean age of the study group was 14.1 + 3.61 yr without
a significant age difference between males and females (t = —0.317, p =
0.752). The mean age of NO-TTB individuals was slightly higher (14.91
+ 3.69 yr) than TTB individuals (12.41 + 2.85 yr; t = —2.840, p =
0.006). There was a significant difference across the NO-TTB group and
each of the three TTB subgroups (F (3,65) = 3,004, p = 0.037). A post
hoc analysis revealed a significant difference between NO-TTB and TTB
Class 1 subgroup (p = 0.049).

The overall mean ADOS CSS was 7.99 + 1.71, with no significant
differences between NO-TTB and TTB groups (Mann-Whitney U =
389.5, p = 0.069). No differences were found across NO-TTB and each
TTB subgroups for ADOS CSS (H(3) = 6.256, p = 0.1).

Severe or profound ID was present in almost all the study sample, i.e.,
n = 63 (91.3%) subjects. In detail, the following ID classes were found:
28.3% NO-TTB and 8.7% TTB individuals showed severe ID, while 63%
and 82.6% of NO-TTB and TTB individuals had a profound ID, respec-
tively. ID displayed no significant difference between TTB and NO-TTB
individuals (3 (3) = 3,919, p = 0.270).

3.2. Muscle lengths

Table 2 depicts the overall mean length of left GM, right GM, left SM,
and right SM of the study group and the statistical analysis between NO-
TTB and TTB groups. Mean values for each muscle and each subgroup
are shown in Table 3 as well as Kruskal Wallis test values. Respect to left
GM, pairwise comparisons using Dunn Test shown a significant differ-
ence between NO-TBB vs TTB class 1 (p = 0.002) and TTB class 1 vs TTB
class 3 (p = 0.037). For the right GM, Dunn Test depicts a significant
difference (p = 0.05) between TTB class 1 vs. TTB class 3. For SM, Dunn
Test revealed significant differences between NO-TTB vs. TTB class 1 for
both left and right side (p = 0.013 and p = 0.022, respectively) and
between TTB class 1 vs. TTB class 3 for right one (p = 0.049). No other
post hoc comparisons were significant.

Finally, significant correlations were found between GM and SM
muscle lengths for the same side (left side: r = 0.663, p = 0.000; right
side: r = 0.735, p = 0.000). A significant correlation was detected be-
tween right and left GM length values (r = 0.652, p = 0.000), and be-
tween right and left SM length values (r = 0.763, p = 0.000).

Total (N 69) NO-TTB (n 46) TTB (n 23) TTB Class 1 (n 10) TTB Class 2 (n 8) TTB Class 3 (n 5)

Age - mean (SD) 14.10 (3.61) 14.91 (3.69) 12.42 (2.85) 11.62 (3.29) 12.77 (2.39) 13.45 (2.70)
ADOS CSS - mean (SD) 7.99 (1.71) 7.74 (1.71) 8.48 (1.65) 9.00 (1.41) 7.63 (1.69) 8.8 (1.79)
Intellectual disability — mild (n° subjects) (%) 2 (2.9%) 1 (2.2%) 1 (4.3%) 1 (10%) 0 0
Intellectual disability — moderate (n° subjects) (%) 4 (5.8%) 3 (6.5%) 1 (4.3%) 0 0 1 (20%)
Intellectual disability — severe (n° subjects) (%) 15 (21.7%) 13 (28.3%) 2 (8.7%) 1 (10%) 1 (12.5%) 0
Intellectual disability — profound (n° subjects) (%) 48 (69.6%) 29 (63%) 19 (82.6%) 8 (80%) 7 (87.5%) 4 (80%)

Note. TTB = tip-toe behavior; SD = standard deviation; ADOS CSS = ADOS Calibrated Severity Score.

Table 2

Clinical features of ASD cohort muscle length, and NO-TTB and TTB subgroups.

Total (N 69) NO-TTB (n 46) TTB (n 23) Mann Whitney Test
Z Value P

Left GM length (degrees) (SD) 7.54 (6.7) 9.20 (5.16) 4.22 (8.2) —2819 0.005*
Right GM length (degrees) (SD) 8.12 (6.78) 9.02 (5.39) 6.30 (8.8) —0.804 0.421
Left SM length (degrees) (SD) 19.3 (8.91) 21.07 (7.67) 15.78 (10.29) —1837 0.066
Right SM length (degrees) (SD) 18.1 (7.98) 19.33 (6.87) 15.65 (9.54) —1371 0.170

Note. Data are mean (standard deviation) degrees; TTB = tip-toe behavior; SD = standard deviation; GM = gastrocnemius muscle; SM = soleus muscle. * significant p

value.
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Table 3
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Gastrocnemius and soleus muscle length values of NO-TTB and the three TTB subgroups.

NO-TTB (n 46) TTB Class 1 (n 10)

TTB Class 2 (n 8) TTB Class 3 (n 5) Kruskal Wallis test

H Value p
Left GM length (degrees) (SD) 9.20 (5.16) —0.2 (10.16) 6 (2.73) 10.2 (4.92) 15.507 0.001*
Right GM length (degrees) (SD) 9.02 (5.39) 1.7 (10.91) 8.75 (4.68) 11.6 (4.39) 8.005 0.046*
Left SM length (degrees) (SD) 21.07 (7.67) 10 (9.65) 18.63 (9.9) 22.8 (6.3) 10.769 0.013*
Right SM length (degrees) (SD) 19.33 (6.87) 9.7 (8.85) 19.25 (8.26) 21.8 (6.61) 10.315 0.016*

Note. Data are mean (standard deviation) degrees; GM = gastrocnemius muscle; SM = soleus muscle. * significant p value. For pairwise comparison see results section.

4. Discussion

Our study aimed to compare both left and right SM and GM length
values of TTB and NO-TTB groups and each of the four subgroups (NO-
TTB, TTB Class 1, TTB Class 2, and TTB Class 3). To our knowledge, this
is the first study that clinically assessed both GM and SM muscle lengths
in individuals with ASD exhibiting TTB.

4.1. Methodological consideration

A variety of positions are used to measure dorsiflexion ROM,
including sitting with the knee flexed, supine with the knee either flexed
or extended, prone with the knee either flexed or extended, and standing
with the knee either flexed or extended.'® Dorsiflexion measurements
taken in weight-bearing positions are usually higher than measurements
taken in non-weight-bearing positions.'” While previous research
assessed ankle dorsiflexion ROM in individuals with ASD, a detailed
assessment position description was not clearly described.”
Shetreat-Klein et al.'® assessed ankle dorsiflexion ROM mobility in a
seated position with the knee flexed: using this procedure, they assessed
the SM length, but not the GM length. We decided to use the supine
position since it is usually a comfortable position for the subjects.
Moreover, in such position, the subject can see what is happening during
all the tests, and the clinician can remain in visual contact with the
subject and verify if he or she remains calm.

A wide range of instruments is used to measure muscle length and
joint ROM (e.g., universal goniometers, inclinometers, and specialized
measurement equipment and techniques). Of the studies aiming to
assess ankle mobility in subjects with ASD, only Shetreat-Klein et al.'®
used an instrumental approach (universal goniometer), whereas Ming
etal.'® Barrow et al.® and Accardo et al.'” used clinical judgment during
physical examination (i.e., reduced/non-reduced degree of ankle dor-
siflexion or heel cords that did not reduce past neutral or greater than 90
dorsiflexion). We used a universal goniometer since it is a standard in-
strument that can be applied in clinical settings. Reliability studies for
measuring ROM and muscle length at the ankle using universal goni-
ometer have been conducted on both healthy and impaired populations.
Martin et al.'® reviewed the existing literature on the goniometric
measurement of ankle dorsiflexion and plantarflexion ROM. For dorsi-
flexion, evidence suggests that ROM assessment displayed good to
excellent intra-tester reliability and some for inter-tester reliability.
Moreover, Martin et al.'® outlined that training sessions before mea-
surement appeared to have a positive effect on intra-rater reliability.
Notably, in a study of 27 healthy young adults, McPoil et al.'® examined
the intra-tester reliability of goniometric measurements of ankle dorsi-
flexion ROM with the knee flexed and extended. Intra-tester reliability
was excellent, with ICC values higher than 0.95 for all four of these
motions. Kilgour et al.”’ determined intra-tester reliability of passive
ankle dorsiflexion with the knee flexed and extended in 25 children aged
6-17 years with spastic diplegic cerebral palsy and in 25 healthy age and
sex-matched controls. Intra-tester reliability was excellent, with ICC
values above 0.95. They also found that averaging the two measure-
ments did not improve intersession reliability compared with just one
measurement. Pandya et al.?! assessed the intra-tester and inter-tester
reliability of goniometric measurements of ankle dorsiflexion carried
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out by five physiotherapists in 150 children (ages 1-20 years) with
Duchenne muscular dystrophy. The intra-tester and inter-tester reli-
ability had ICC values of 0.90 and 0.73, respectively. Macedo et al.??
investigated the standard error of measurement value for universal
goniometer dorsiflexion assessment reporting 2.5°. To our knowledge,
there are no studies that have investigated the validity of goniometric
measurements of ankle and foot ROM values by comparing these mea-
surements with a gold standard i.e., radiographs.

4.2. Muscle lengths in NO-TTB individuals

In the NO-TTB group, both GM and SM mean length values were in
line with the normative data. Several studies have directly compared
dorsiflexion ROM measurements taken with the knee flexed and with the
knee extended in the same subject. McPoil et al.'® in a study of 27
healthy young adults, using a universal goniometer, found the mean
dorsiflexion ROM (16.2°) with the knee flexed to be about 6° greater
than the mean with the knee extended (10.1°). Baumbach et al.?
assessed ankle dorsiflexion values with the knee extended and flexed in
non-weight bearing and weight-bearing in a sample of 64 young (i.e.,
18-35 years) asymptomatic subjects. They reported mean ankle dorsi-
flexion values with the knee extended for the left/right limb to be 22.7°
(95% CI 21.2°-24.3°] and 23.4° (95% CI 21.7°-25.1°) in non-weight
bearing; ankle dorsiflexion with knee flexed resulted in an approxi-
mate increase of 10°. Alanen et al.,** in a study of 7 to 14-year old, found
that dorsiflexion measurements taken with the knee flexed to 90° were
10-19° greater than measurements taken with the knee extended.

Newborns and infants have greater dorsiflexion and smaller plan-
tarflexion ROM than older children and adults. Soucie et al.”® reported a
decrease in dorsiflexion for both males and females, with the most sig-
nificant age-related differences being between children (aged 2-8 years)
and all other groups. They found a mean ankle dorsiflexion range of
22.8° (5.6 SD) (male) and 24.8° (7.2 SD) (female) in subjects aged 2-8
years, and 16.3° (5.1 SD) (male) and 17.3° (6.4 SD) (female) in subjects
aged 9-19 years.

4.3. Relation between muscle lengths in TTB and NO-TTB subgroups

When comparing the TTB and NO-TTB subgroups, both GM and SM
mean length values were found to be not significantly different, except
for the left GM length (p = 0.005). The non-significant differences might
be due to the cohort of TTB group, including subjects that demonstrate
TTB only when running.

We found a significant decrease of left GM, left SM, and right SM
lengths in TTB Class1 subgroup (i.e., individuals that show TTB during
standing, walking and running) when compared with the NO-TTB in-
dividuals. Another significant length decrease was found between TTB
Class 1 vs. TTB Class 3 (i.e., subjects that show TTB only during running)
in relation to left GM, right GM, and left SM lengths. Thus, the results of
this study seem to suggest the clinical relevance of a TTB sub-grouping
since not all the TTB individuals have decreased ankle ROM. A pro-
spective cohort study would be useful to confirm these findings.

No differences were found between TTB Class 3 muscle length and
NO-TTB group. This result supports the less severity of TTB Class 3,
Indeed subjects in this subgroup exhibit TW only during running and not
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during standing and walking. All these findings are supported by studies
about muscle-skeletal adaptation to mechanical stimuli (reviewed in
Wisdom et al.'!).

4.4. Limitations

The main limitation of our study is the generalizability of our find-
ings: our sample can be considered representative of individuals with
severe ASD and profound ID, limiting the applicability of the results to a
broader spectrum severity. It would be interesting and to repeat the
study with a less severe ASD sample. Further confirmation of our find-
ings could be obtained by collecting and comparing quantitative data of
TTB with the GM and SM length values using cross-sectional and pro-
spective study designs.

5. Conclusion

In conclusion, this is the first study that systematically assessed
clinically both GM and SM muscle lengths in NO-TTB and TTB ASD in-
dividuals comparing the results across different TTB clinical presenta-
tion patterns. Findings suggest a relationship between the presence and
severity of TTB and the amount of GM and SM muscle lengths expressed
as ankle ROM. Differences between the NO-TTB and the TTB Class 1
subgroup and also between the TTB Class 1 and TTB Class 3 subgroups
were found. This support the clinical relevance of a TTB sub-grouping in
individuals with ASD. Individuals showing TTB during standing,
walking and running (TTB class 1) should be closely monitored using
standardized assessment protocols. Moreover, our findings highlight the
importance of assessing both SM and GM when aiming to evaluate their
influence on ankle ROM in dorsiflexion in individuals with ASD in both
clinical and research settings.
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