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Hereditary amyloidosis associated with transthyretin V30M (ATTRv V30M) is a rare
and inherited multisystemic disease, with a variable presentation and a challenging
diagnosis, follow-up and treatment. This condition entails a definitive and progressive
motor impairment that compromises walking ability from near onset. The detection of the
latter is key for the disease’s diagnosis. The aim of this work is to perform quantitative
3-D gait analysis in ATTRv V30M patients, at different disease stages, and explore the
potential of the obtained gait information for supporting early diagnosis and/or stage
distinction during follow-up. Sixty-six subjects (25 healthy controls, 14 asymptomatic
ATTRv V30M carriers, and 27 symptomatic patients) were included in this case-control
study. All subjects were asked to walk back and forth for 2 min, in front of a Kinect v2
camera prepared for body motion tracking. We then used our own software to extract
gait-related parameters from the camera’s 3-D body data. For each parameter, the
main subject groups and symptomatic patient subgroups were statistically compared.
Most of the explored gait parameters can potentially be used to distinguish between the
considered group pairs. Despite of statistically significant differences being found, most
of them were undetected to the naked eye. Our Kinect camera-based system is easy to
use in clinical settings and provides quantitative gait information that can be useful for
supporting clinical assessment during ATTRv V30M onset detection and follow-up, as
well as developing more objective and fine-grained rating scales to further support the
clinical decisions.

Keywords: ATTRv V30M, amyloidosis, polyneuropathy, gait, quantitative assessment, ambulatory, markerless
vision-based systems
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INTRODUCTION

Hereditary amyloidosis associated with transthyretin (ATTRv
amyloidosis) is a highly disabling multisystemic disorder with
autosomal dominant inheritance and variable penetrance (1).
The most frequent mutation, causing important foci of the
disease in several countries or regions (e.g., Portugal, Sweden,
Japan, Brazil), shows the replacement of valine by methionine at
position 30 of the TTR protein (TTRVal30Met). Portugal harbors
the largest known clusters of patients, with recently reported
prevalence of 22.93/100,000 adult inhabitants (2).

The disease described in Portugal presents as a length-
dependent symmetric polyneuropathy that typically starts in the
feet with loss of temperature and pain sensations. It is associated
to life-threatening autonomic dysfunction, leading to cachexia
and death within 7.3 to 11 years from onset, if left untreated (3).
Onset occurs typically around 35 years old (4), although in some
areas, namely Sweden and Japan, patients present a late onset—
age of onset around 50 years old or older—which presents a
faster and more severe disease progression (5) and less autonomic
involvement compared to early onset cases.

As in diabetic neuropathy [one of the most common
neuropathies in the western world (6)], the first clinical
characteristics of the disease’s evolution are usually positive
(burning sensations, pain, pricking, tingling) and negative
(anesthesia and analgesia, hypoesthesia and hypoalgesia) sensory
symptoms in the limbs (7). The natural course of this condition is
classically classified into three stages: I—patients are ambulatory,
have mostly mild sensory, motor, and autonomic neuropathy
in the lower limbs; II—they are still ambulatory but require
assistance and have mostly moderate impairment progression
to the lower limbs, upper limbs, and trunk; and III—bedridden
or wheelchair bound and present severe sensory, motor, and
autonomic involvement of all limbs (4).

Even though ATTRv V30M was first described in 1952
(8), current management strategies lack cohesion and patients
experience years of misdiagnosis and negligible treatment (3).
This polyneuropathy is currently evaluated clinically, with a
complete anamnesis and neurologic examination (including
visual evaluation of gait), and neurophysiologically, with nerve
conduction studies (NCS), sympathetic skin response (SSR), and
quantitative sensory testing (QST) (9). New therapeutic strategies
are under development (10) and gene modifying drugs have
been released to the market, such as antisense oligonucleotides
(inotersen) (11) and small interfering RNAs (patisiran) (12).

Nowadays, available vision-based systems allow capturing
human motion in 3-D, providing quantitative information
regarding motion, which can be valuable for supporting the
assessment of patients with movement/gait impairments. The
Kinect camera is a “red-green-blue-depth” (RGB-D) camera,
which is able to detect people’s silhouettes and estimate the
3-D position of a person’s body joints, relying on the depth
map of the space in front of it using information obtained
by its infrared sensor (13). This type of camera has shown to
have the potential to be an adequate solution for supporting
patient physical function evaluation in clinical settings or at
home (14-16).

In contrast with reference systems traditionally used for
quantitative motion analysis (multi-camera marker-based
systems deployed in an especially dedicated laboratory), RGB-D
camera-based systems are low-cost, easy to set up and minimally
intrusive. Despite its lower precision comparing to the reference
systems, the validity of the Kinect for assessing clinically relevant
movements, including gait, has already been studied either with
healthy or impaired populations (17, 18). Galna et al. showed
that the Kinect is able to accurately measure timing and spatial
characteristics and therefore provide valuable knowledge in the
context of motor disorders evaluation (18).

In this contribution, which builds on our previous work
where we studied the validity of our gait analysis system based
on a RGB-D camera in the context of ATTRv V30M patient
assessment and disease progression evaluation (15, 16), we aim
to characterize the influence that ATTRv V30M polyneuropathy
may have in patients’ gait and, if any differences are detected,
verify if the changes have any diagnostic or group-distinction
value. We used the vision-based system developed by our
group, which includes a Kinect camera, to gather 3-D body
data from healthy controls, asymptomatic carriers, and ATTRy
V30M patients with different degrees of disease evolution, while
they performed a gait task. We then performed automated
gait analysis, where several gait parameters were computed.
To verify if the obtained quantitative information is valuable
for supporting ATTRv V30M clinical gait assessment, we
investigated if there were differential gait characteristics which
may aid the diagnosis of the polyneuropathy, prediction of
motor impairment onset and/or distinction among different
disease phases.

MATERIALS AND METHODS
Subjects

This experiment was carried out at Hospital de Santo Anténio,
Centro Hospitalar Universitdrio do Porto, Portugal, with the
participation of 66 subjects:

e 25 healthy controls (HC);
e 14 asymptomatic carriers of the V30M mutation (AC);
e 27 symptomatic patients (SP).

This study was authorized by the local Ethics Committee,
complies with the Declaration of Helsinki, and all subjects signed
an informed consent form. The exclusion criteria for this study
were the presence of orthopedic comorbidities of the lower limbs,
and other neurological conditions.

Healthy controls were chosen from the university and hospital
staff and presented no complaints, symptoms, or history related
to polyneuropathy. All patients were selected by a neurologist,
and did not have a clear risk factor for diabetic neuropathy,
alcoholism, cancer and autoimmune diseases.

Since the symptomatic patients’ group was composed by
patients with very heterogeneous clinical status, after their
first analysis, these patients were divided in the following
three subgroups:
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TABLE 1 | Subjects’ characterization by assessed group: gender, average +
standard deviation (minimum, maximum) for age, height and weight, and
neuropathy impairment score (NIS).

Experimental Setup

Subject group Gender Age,years Height,cm Weight, kg NIS

1. HC (25) 13M/12F 30.3+7.8 171.6+10.669.8 + 15.8 0
(19,51)  (150,194) (48, 105)

2. AC (14) 8M/6F 336479 167.8+88 68.5+89 0
23,54)  (154,184) (51, 80)

3.SP (27) 13 M/14F 40.85 + 10.48 169.3 + 9.7 66.0 + 12.1 12.1 + 20.9
(23,63)  (149,186)  (46,101) (0, 91)

3.1 SPS 6M/OF 366+7.9 169.7+96 66.7+11.4 3.6+36
(25,56)  (156,185) (51,101) (0, 12)

32SPSL(7) 3M/AF 420+105 166.7+7.2 61.6+ 129 103+9.7
(23,55) (155, 180)  (46,80) (0, 28)

33SMP(B)  4MAF  520+84 171.4+12370.0+ 11.346.9+ 339
(37,63)  (149,186) (55.8,82) (12, 91)

e SPS: patients with small-fiber neuropathy signs and symptoms
on neurological examination or neurophysiological tests,
without any large-fiber involvement on neurological
examination (no vibratory or proprioceptive abnormalities,
no motor weakness) or on neurophysiological tests (normal
NCS, normal QST for vibration).

e SPSL: patients with small-fiber neuropathy signs and
symptoms, and some large-fiber sensory abnormality
on neurological examination or neurophysiological tests
(QSTs or sensory NCS), with no muscular weakness on
neurological examination or abnormalities on motor nerve
conduction studies.

e SMP: patients with small-fiber neuropathy signs and
symptoms, with sensory large fiber involvement, and also with
some distal muscular weakness or motor NCS abnormalities.

The asymptomatic carriers showed normal neurological
examination and no alteration of the QST, NCS, heart rate deep
breathing and SSR.

The demographic data (gender, and mean =+ standard
deviation as well as minimum and maximum values, for age,
height and weight) and neuropathy impairment score (NIS) of
all participants are presented in Table 1.

Experimental Setup and Protocol

The experiment took place at the hospital’s Neurophysiology
Department. The setup included our gait analysis system,
including an RGB-D camera (in this case, the Kinect v2), which
was used to acquire depth, infrared and 3-D body joint data from
the subjects. Their task was simply walking during 2 min at their
natural pace (using their usual walking shoes), according to the
trajectory represented in Figure 1.

The Kinect was placed at a height of approximately 1 m, and
its tilt angle was varied, according to the subject’s height, to
maximize the practical depth range (i.e., the range for which the
camera is able to track all body joints) for each person. All the
relevant distances, as well as the 3-D coordinate system associated
with the Kinect, are also represented in Figure 1.

) Kinect v2
" S - rd
P o - - - e ————— - i_,) q
1 m height
3.7m <—’0.85 o

FIGURE 1 | Experimental setup used for data acquisition, including the
relevant distances and the coordinate system associated with the Kinect v2.

Data Processing

The data were acquired at 30 Hz and processed as described in
(19). Each body data frame includes the 3-D position of the joints
tracked by the Kinect [see (19) for the joint list].

The time intervals corresponding to walking toward the
camera were automatically selected according to (19) and then
matched with the different gait cycle phases shown in Figure 2.
One gait cycle includes three consecutive heel strikes, starting
and ending with a heel strike associated with the same foot. It also
includes two toe-off events, which occur between two consecutive
heel strikes of different feet. The detection of heel strikes and toe
offs were performed as described in (19) and (15), respectively.

For each gait cycle, we computed the 24 spatiotemporal and
kinematic gait parameters listed in Table 2 and defined in (15).
The total body center of mass (TBCM) sway was computed as the
standard deviation of the distance (in the x/y-axis, i.e., medial-
lateral and vertical directions) of the total body center of mass
(TBCM), in relation to the RGB-D sensor’s coordinate system, for
all gait cycle frames. For each frame, TBCM’s position is the mean
position of all body segments’ CM, which was obtained according
to (21).

Statistical Analysis

To evaluate if the extracted gait parameters can be used to
distinguish between the HC, AC and SP groups and also between
the patient’s subgroups (SPS, SPSL, and SMP), we performed
the Kruskal-Wallis test (22) for each parameter. If the test’s
p-value was lower than or equal to the defined significance
level of 0.05, we further performed the Conover-Iman test for
multiple pairwise comparisons (23). All statistical analyses were
performed in the R environment (version 3.5.1).

RESULTS

Table 2 presents the gait parameters mean and standard
deviation values for all the evaluated groups of participants:
healthy controls (HC); asymptomatic carriers (AC); symptomatic
patients (SP); patients with the clear involvement of small
fibers (SPS) and with objective (clinical and neurophysiological)
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Gait Cycle Phases and Events

Right

Left Left Right | Right
heel strike toe off heel strike  toe off heel strike
| | | | I

| | I
Left step Right step
Right stance phase Right swing phase
! i | | |
| unble | Single-limb support | unble | Single-limb support |
-limb — | -limb left I
| support | onTigh | support | (on left) |

FIGURE 2 | Gait cycle phases and positions of the legs during a single gait cycle associated to the right leg (darker), adapted from (20).

TABLE 2 | Mean =+ standard deviation values for each gait parameter and each subject group (1. Healthy Controls — HC; 2. Asymptomatic Carriers — AC; 3. Symptomatic
Patients — SP; 3.1 Patients with small-fiber sensory polyneuropathy — SPS — and 3.2 with large-fiber sensory polyneuropathy — SPSL; and 3.3 Patients with motor

neuropathy — SMP).

Gait parameter 1. HC 2.AC 3.SP 3.1 SPS 3.2 SPSL 3.3 SMP
Stride duration, s 1.238 £ 0.386 1.463 £ 0.518 1.628 + 0.690 1.709 £ 0.729 1.463 + 0.509 1.616 £ 0.768
Stride length, cm 114.7 £ 23.0 101.5 £ 28.0 93.6 +25.5 92.8 + 25.6 91.7 £23.7 100.2 +£27.3
Step duration, s 0.626 + 0.282 0.732 + 0.343 0.823 + 0.489 0.862 + 0.517 0.744 + 0.396 0.816 + 0.513
Step length, cm 52.2+13.5 473+ 155 42.6 £ 15.6 42.6 £15.9 416+ 153 447 £14.4
Step width, cm 12.4 £ 3.7 121 £ 3.8 13.0+4.2 137+ 4.4 121 £ 41 122 £ 3.2
Stance duration, s 0.784 + 0.261 0.943 + 0.396 1.012 £ 0.525 1.057 £+ 0.559 0.901 + 0.360 1.044 £+ 0.608
Swing duration, s 0.455 + 0.245 0.521 4+ 0.301 0.616 + 0.414 0.652 + 0.451 0.562 + 0.342 0.573 + 0.367
Single support duration, s 0.897 £ 0.331 1.043 + 0.451 1.219 £ 0.575 1.292 + 0.623 1.104 + 0.440 1.142 + 0.559
Double support duration, s 0.341 +£0.125 0.421 £0.172 0.409 + 0.267 0.417 £ 0.296 0.359 + 0.139 0.474 + 0.309
Gait speed, m/s 1.047 £ 0.239 0.846 + 0.228 0.728 + 0.180 0.696 + 0.161 0.767 £ 0.182 0.785 +0.218
Gait speed variability, m/s 0.105 + 0.057 0.1563 + 0.384 0.121 £ 0.216 0.107 £ 0.119 0.125 + 0.208 0.170 + 0.4283
Foot swing velocity, m/s 2.679 + 1.031 2.318 + 1.334 1.894 + 1.109 1.807 + 1.103 1.917 £0.917 2.195 + 1.376
Arm swing velocity, m/s 1.976 £ 0.749 1.570 £ 0.798 1.384 £ 0.709 1.312 £ 0.515 1.405 £ 0.575 1.633 + 1.299
Total body center of mass sway in x-axis, cm 29.2 +38.7 35.5 + 26.1 34.1+£37.9 29.7 £ 331 447 +41.5 31.5+44.2
Total body center of mass sway in y-axis, cm 102+ 54 13.7 £ 15.5 111 +84 109+75 11.6 £10.7 109+7.0
Neck angle, deg 166.1 +£10.2 162.3 £ 14.2 168.1 £ 17.7 160.4 £ 13.8 162.1 £28.5 160.2 + 16.5
Spine shoulder angle, deg 1713+ 5.8 168.5 £ 8.7 166.7 £ 11.3 167.1 £ 8.9 161.9+£156.3 167.2 +£9.4
Spine middle angle, deg 175.9+22 1747 +£27 173.6 £ 3.3 173.8 £ 3.2 1728 £ 3.6 173.9+ 3.3
Maximum elbow angle, deg 167.6 £ 10.9 166.0 £ 9.7 166.0 + 10.1 166.1 £9.3 166.5 £ 12.8 164.5 £6.2
Minimum elbow angle, deg 1443 £20.4 1447 £20.4 1448 +£21.8 145.3 + 20.1 144.7 £ 26.0 142.6 £ 19.9
Maximum knee angle, deg 174.5 £ 3.1 176.8 £ 2.5 1748 £ 3.5 1745 £ 3.6 1748 £ 3.4 176.1 £ 3.1
Minimum knee angle, deg 1420 £ 17.7 1425 £ 17.1 143.1 + 18.4 142.6 + 18.1 14563 £ 17.7 1411 +£20.8
Hip angle range, deg 19.3+7.0 189+75 17.1+6.8 17.3+7.2 16.0+5.8 184 +7.1
Ankle angle range, deg 33.6 + 16.6 27.9+17.6 20.7 £16.0 176+ 14.2 22.0£16.0 30.3+18.4
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TABLE 3 | Results of the Conover-Iman test (p-value) pairwise comparison between the six groups included in Table 2 (HC, AC, SP, SPS, SPSL and SMP), for each gait

parameter.

Gait parameter HC-AC HC-SP AC-SP AC-SPS SPS-SPSL | SPSL-SMP | HC-SMP
Stride duration, s < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Stride length, cm 0.04

Step duration, s < 0.001

Step length, cm

Step width, cm N.S. N.S. N.S.
Stance duration, s < 0.001 < 0.001 < 0.001
Swing duration, s N.S.

Single support duration, s

Double support duration, s < 0.001

Gait speed, m/s N.S.

Gait speed variability, m/s N.S. < 0.001

Foot swing velocity, m/s < 0.001 0.002

Arm swing velocity, m/s < 0.001

Total body center of mass sway in x-axis (TBCMx), cm 0.036
Total body center of mass sway in y-axis (TBCMy), cm N.S. N.S. N.S.
Neck angle, deg < 0.001 < 0.001 < 0.001
Spine shoulder angle, deg

Spine middle angle, deg

Maximum elbow angle, deg N.S. N.S.

Minimum elbow angle, deg N.S. 0.009 0.038 0.003 N.S.
Maximum knee angle, deg < 0.001 < 0.001 < 0.001 0.046 < 0.001
Minimum knee angle, deg 0.007 N.S. N.S. 0.002 0.022 N.S.
Hip angle range, deg < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
Ankle angle range, deg

N.S. stands for non-significant (p-value > 0.05).

involvement of large fibers (SPSL); and patients with motor
neuropathy (SMP).

The Kruskal-Wallis test results showed statistically significant
differences (p < 0.05) between the HC, AC and SP, as well as
HC, AC, and SPS, SPSL, and SMP groups for all gait parameters.
Therefore, we then performed the Conover-Iman test for the
pairwise comparison between the analyzed groups, for each
parameter. The analyzed group pairs that we considered most
relevant, due to their clinical profile differences and amount of
neurological deficits, are presented in Table 3. The remaining
comparisons are presented in the Supplementary Material.
Figure 3 shows the mean and standard deviation values for the
parameters that showed statistically significant difference (p <
0.05, CI 95%) for all pairwise comparisons indicated in Table 3.

DISCUSSION

Although we would expect asymptomatic patients to present
similar characteristics in terms of gait when compared with
healthy subjects—because the disease is not yet established—
our study shows a statistically significant difference (p < 0.05,
CI 95%) among these two groups for several gait parameters
(see Table 3). Despite being statistically significant, all these
differences were undetected to the naked eye. If the obtained
results correspond to a relaxed and natural data collection

moment, the differences detected between these groups suggest
an important subclinical disease onset.

On the other hand, some reasons may be drawn to explain the
HC and AC group comparison’s results. The AC subjects belong
to a special group who knows they have the V30M mutation.
Many of them have seen their family members deteriorating
due to this disease, and may have been psychologically affected
or stressed by the assessment, since it was performed at the
hospital on the same day they were evaluated to check if they
already manifested the disease. This may have affected their
performance, since it is known that human gait is not an
automatic task and the fact that emotions affect gait performance
has been extensively described in literature (24-26). Studies have
demonstrated that patients who perceive themselves as more
disabled achieve lower levels of function (24). These descriptions
are compatible with the differences noted between HC and AC
in this study. Moreover, studies have shown that being a carrier
of the V30M mutation, whether symptomatic or asymptomatic,
is associated with more vulnerability to psychopathological
symptoms and emotional distress (27), especially with the
proximity to the age of onset which can trigger anxiety
(28). In future gait analysis studies, the use of an anxiety
measurement tool would therefore be very useful to complement
the evaluation.

Patients in a more advanced stage of the disease, namely
suffering of motor neuropathy (SMP) are possibly the ones

Frontiers in Neurology | www.frontiersin.org

November 2020 | Volume 11 | Article 605282


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Vilas-Boas et al.

Quantitative Gait Analysis in ATTRv V30M

26
24
22

18
16
14
12

08
06
04

0

STRIDE DURATION STEP DURATION
70
140
60
120
50
100
80 40
8 8
30
60
20
40
10
20
1] 7 x o
STRIDE LENGTH STEP LENGTH
89 180
79 160
oo 140
. 120
8
E 49 % o
3
39 %
80
29
60
19
9 40
-1 20 7

TOTAL BODY CENTRE OF MASS NECK ANGLE

X-AXIS

degrees
g 8 &8

degrees
&

g

~
S

. 7 8

MAXIMUM KNEE ANGLE

m/s

degrees

HIP ANGLE RANGE

mHC m AC # SP & SPS

FIGURE 3 | Mean and standard deviation for each subject group, for the gait parameters that showed statistically significant differences in the Conover-Iman test (p <
0.05) for all the comparisons, when comparing different pairwise comparison, included in Table Ill, between the six groups (HC, AC, SP, SPS, SPSL and SMP).

0.8

16
14
06
12
y » N
» O
08
06 /
0.4 7 -
02 /
g N :

STANCE DURATION

°
IS

°
~

N

DOUBLE SUPPORT DURATION

4 3
=
5
3
2
25
. ,
2 ; é 1.5 %
1.5 47 7
1
1 Z
/ 05 Z
0.5 7
G 7\ 8 / \_
FOOT SWING VELOCITY ARM SWING VELOCITY
180 180
160 7 \ 160
140 2 140
120 & 120 /
, g
100 Z :"0 100
80 o 80
60 60
40 / 4
20 7 20
. / & ° Z \
SPINE SHOULDER ANGLE SPINE MIDDLE ANGLE

degrees

0 77\

ANKLE ANGLE RANGE

1]

SPSL m SMP

suffering less influence of psychological factors since they are
used to their condition. Also, these patients seem to compensate
the steppage with a higher flexion of the hip and knee, and the
foot drop is well-noticed by the ankle angle values in Table 2.
It seems that patients find stabilization strategies (e.g., shorter
swing phase) to deal with their difficulties, leading to having some
gait characteristics closer to the asymptomatic carriers or healthy
subjects than to patients without motor neuropathy (this happens

for 7 out of the 24 parameters, 29%). It is important to note,
however, that SPS, SPSL, and SMP groups have a lower sample
size in our study.

When we look at the differences between asymptomatic
carriers (AC) and symptomatic patients (SP), only the maximum
elbow and minimum knee angles have a non-significant
difference, which suggests that these parameters may not be
related with disease onset. All other analyzed parameters show
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statistically significant differences between these two groups,
namely in the direction of smaller and slower steps, less TBCM
sway, and smaller angular movements for the SP group. These
results may be explained by a more conscious gait, compatible
with a greater attention to every movement, and are consistent
with “crouched” (exaggerating flexions) gait: wider support base,
quicker double support phase and lower TBCM sway, in order
to increase balance by improving ground clearance, reported
in the literature (20). This gait profile is particularly used to
compensate for a plantarflexed ankle (also known as foot drop),
due to inadequate dorsiflexion control, which is a characteristic of
the more advanced cases of nerve-length dependent neuropathy
patients (29).

The obtained results are interestingly consistent with
descriptions of the continuous disturbance of parkinsonian gait:
slow, small-stepped, flexed walking pattern (30). Patients with
diabetic neuropathy also walk in a more conservative way (31),
which is in line with our findings. They present a reduction
in medial-lateral and anterior-posterior displacement of the
TBCM during walking (32), which is consistent with the loss of
proprioception sensory feedbacks from the lower extremities and
weakness of ankle plantar flexor and dorsiflexor muscles (31).
Less dorsiflexion and increased plantar flexion were associated
with a decrease in muscle strength of the foot flexors, both dorsi-
and plantar-flexors, which may affect gait speed (33).

A study performed with diabetic patients, over 65 years old,
walking at three different speeds showed that alterations in the
gait of neuropathic patients were mainly related to reduced
walking speed (34). They argue that the peripheral sensory loss
affects gait variability, causing stride-to-stride alterations in the
mediolateral and anteroposterior planes that reflect in stride
width and stride time/length fluctuations, respectively (20, 34).
This gait abnormality is likely to be present when there is a
deficiency in the sensation or proprioception of the legs (20).
Courtemanche et al. argued that the reduction in walking speed
was, per se, a compensatory strategy to improve gait stability (35).
Although we have analyzed the difference in gait speed variability
between HC and SP groups, and it was not statistically significant,
the reduced stride (or gait) speed and increased base (or step)
width are supported by the present work.

When comparing the AC and SPS groups, the maximum
elbow and minimum knee angles are the only with no statistically
significant difference. From the parameters that present a
significant difference, the temporal parameters have a higher
mean value for the SPS group, while the value for spatio-temporal
and kinematic parameters is overall lower. It is understandable
once the SPS group is composed of patients at the onset or at the
beginning of the disease development, with clinical involvement
of small fibers and neuropathic pain in the feet and legs for some
of them.

It is interesting to note that the trend (increase or decrease)
of the mean value for most gait parameters is inverted when
comparing the AC-SPS pair to the SPS-SPSL pair (when the mean
value is higher for SPS than AC, it is lower for SPSL than SPS, and
vice versa). This finding may be explained by the reported effect
of protection of disease progression on the first years of early-
stage treatment with tafamidis (most of the patients in the SPS

group take this medication), in contrast to its use at a later time
as well as in later-stage patients when it is less effective (36-38).

Looking at Table2, it seems that the spatiotemporal
parameters differences are more evident when comparing
patients with neuropathic pain (especially SPS and SPSL). This
may also be due to the anticipation or fear of pain, which have
been associated with walking deficits (24), where the stride is
lengthier. This has been called “antalgic gait,” which is assumed in
order to avoid or lessen pain (39). The used of a pain clinical scale
(or other measurement tool) would be useful in the evaluation of
these groups.

It is possible to perceive from Table3 that there are 15
parameters that may be used to distinguish between groups for
all the group pairs (HC-AC, AC-SP, AC-SPS, SPS-SPSL, and
SPSL-SMP). The differences in hip and ankle angle ranges have
roughly 10 degrees of variation, or less, which are not high
enough to be noticed by visual inspection, demonstrating the
value that quantitative analysis of gait using a single RGB-D
camera can have.

Although the statistically significant differences found are
not directly correlated to any clinical feature already described,
these are promising results in terms of future contributions to
the onset detection and/or disease progression evaluation, since
we can already perceive that there are recognizable differences
between subjects without the V30M mutation and with the
mutation (either with or without symptoms). It is important,
nonetheless, to consider the limitations of this study, including
the small sample size for the asymptomatic carriers and the
patient subgroups, which reduces the statistical meaning of the
analysis involving those groups, as well as the possible patients’
stress associated to data collection, which may have contributed
to additional gait alterations. Moreover, although the gait analysis
protocol is not difficult or extensive, it is still not integrated
in the normal activities of the hospital center, fact that can
contribute to hinder data collection. Other limitation is the
lack of neurophysiological examination (NCS, SSR, etc.) of the
controls which could bring insight into the HC-AC analysis.
Additionally, it would be interesting to study late-onset patients
as well as other neuropathies to evaluate the diagnostic utility of
the presented results. Despite these limitations, our results are
promising and provide encouraging insight on using a RGB-D
camera-based system to bring more objectivity to gait assessment
in ATTRv V30M mutation carriers and support onset detection
and patient follow-up. Nevertheless, more data is necessary to
better understand the loss of gait ability and the degree of gait
disturbance in these patients.

CONCLUSIONS

Our main aim was to find if gait-related parameters obtained
quantitatively could be used to distinguish between healthy
subjects and ATTRv V30M mutation carriers (symptomatic and
asymptomatic). We have concluded that several parameters
can potentially be wused to distinguish ATTRv V30M
asymptomatic carriers from healthy controls, which indicates
that asymptomatic carriers may have a subclinical gait change

Frontiers in Neurology | www.frontiersin.org

November 2020 | Volume 11 | Article 605282


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Vilas-Boas et al.

Quantitative Gait Analysis in ATTRv V30M

unnoticed to the naked eye that can be detected by quantitative
gait analysis using an RGB-D camera system. If confirmed, this
can contribute to an early access to treatment options and a
consequent improvement of the patients’ quality of life. We also
found several parameters that can possibly be used to distinguish
between different sub-groups of patients. A valuable application
of this quantitative assessment is the longitudinal assessment
of the patients, which may provide insights on inter-individual
changes and help defining parameters that identify when a
patient has clinically relevant neuropathy.

To the best of our knowledge, this is the first analysis
of quantitative gait characteristics of ATTRv V30M mutation
carriers. Furthermore, the used system has the major advantage
of being non-intrusive, affordable and portable, being suitable for
use in different clinical settings, without causing constraints to
the patients nor difficulties to the clinical routine. This system
could also be used to assess other neuropathies.
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