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A B S T R A C T

Objective: Decreased cephalocaudal diaphragm movement may indicate respiratory dysfunction in amyotrophic 
lateral sclerosis (ALS). We aimed to evaluate diaphragm function in ALS using ultrasound speckle tracking, an 
image-analysis technology that follows similar pixel patterns.
Methods: We developed an offline application that tracks pixel patterns of recorded ultrasound video images 
using speckle-tracking methods. Ultrasonography of the diaphragm movement during spontaneous quiet respi-
ration was performed on 19 ALS patients and 21 controls to measure the diaphragm moving distance (DMD) in 
the cephalocaudal direction during a single respiration. We compared respiratory function measures and 
analyzed the relationship between the clinical profiles and DMD.
Results: DMD was significantly lower in ALS patients than in the control group (0.6 ± 1.4 mm vs 2.2 ± 2.2 mm, p 
< 0.01) and positively correlated with phrenic nerve compound motor action potential amplitude (R = 0.63, p =
0.01). DMD was negatively correlated with the change in the ALS Functional Rating Scale-Revised scores per 
month after the exam (R = − 0.61, p = 0.02), and those with a larger rate of decline had a significantly lower 
DMD (p = 0.03).
Conclusions: Diaphragm ultrasound speckle tracking enabled the detection of diaphragm dysfunction in ALS.
Significance: Diaphragm ultrasound speckle tracking may be useful for predicting prognosis.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative dis-
order characterized by progressive motor dysfunction and poor prog-
nosis (van Es et al., 2017; Feldman et al., 2022). Patients with ALS 
present with restricted ventilation impairment due to respiratory muscle 
weakness, especially in the diaphragm, leading to respiratory acidosis 
and CO2 narcosis (Pinto et al., 2009; Noda et al., 2016; van Es et al., 
2017; de Carvalho et al., 2019). Pulmonary function tests (PFTs) are the 
gold standard for monitoring respiratory function in ALS. However, 
accurate evaluation is difficult in patients with cognitive dysfunction or 

orofacial weakness because the outcome is dependent on the patient’s 
effort (Pinto et al., 2009; Noda et al., 2016; Iguchi et al., 2022). There is 
also a risk of viral infections owing to aerosol generation (Iguchi et al., 
2022). Further arterial blood gas measurements are insensitive in the 
early stages and are highly invasive (de Carvalho et al., 2019).

Diaphragmatic ultrasonography has recently been used as a nonin-
vasive and reproducible method for measuring respiratory function 
(Boussuges et al., 2020). Although this is a viable strategy for assessing 
respiratory function in patients with ALS (Noda et al., 2016; Pinto et al., 
2016), it has yet to replace the aforementioned clinical tests (Pinto et al., 
2017). Diaphragmatic ultrasound evaluates diaphragm thickness, 
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diaphragm thickening fraction (DTF), and excursions (Pinto et al., 2016; 
Goutman et al., 2017; Pinto et al., 2017; Boussuges et al., 2020; Spi-
liopoulos et al., 2023). Diaphragm thickness is not sufficiently sensitive 
to detect acute changes and is thus inadequate for monitoring indicators 
(Pinto et al., 2017). Early-stage DTF sensitivity is also low (Spiliopoulos 
et al., 2023). Diaphragm excursion is a one-dimensional measurement, 
which poses a challenge when assessing three-dimensional diaphragm 
movement (Noda et al., 2016; Goutman et al., 2017). Furthermore, ac-
curate assessment of excursion is technically challenging, not only 
because of beam angle issues but also due to distant signal loss and 
descending lung shadow.

When the ultrasound probe is placed perpendicular to the body axis 
in the zone of apposition (ZOA) along the anterior axillary lines, the 
diaphragm slides cephalocaudally. During inspiration, the diaphragm 
moves caudally, and the intercostal muscles pull the ribs cephalad, ul-
timately expanding the rib cage (Zoumot et al., 2015; Iguchi et al., 
2022). The distance of the diaphragm’s cephalocaudal movement might 
be connected to lung capacity and consequently respiratory function and 
may also reflect dynamic diaphragm function compared to static 
thickness measurements. However, the moving distance of the dia-
phragm is difficult to measure using Brightness Mode (B-mode) ultra-
sound (Orde et al., 2016; Fritsch et al., 2022). Therefore, we used 
ultrasound speckle tracking, primarily used in echocardiography. This 
test quantifies tissue motion and deformation by tracking the speckle 
pattern across imaging frames, allowing left and right ventricular car-
diac contractile function to be assessed (Smiseth et al., 2016). Several 
studies have evaluated the diaphragm using this method (Orde et al., 
2016; Goutman et al., 2017; Oppersma et al., 2017; Crognier et al., 
2021; Ye et al., 2021; Fritsch et al., 2022). However, these studies 
examined the diaphragm in a cardiac setting using existing ultrasound 
equipment. Therefore, the only measurement analyzed was the rate of 
change of the distance between two points in the diaphragm (i.e., 
strain), and no movement distance measurements were made. Further, 
to the best of our knowledge, no study has evaluated this method in ALS. 
We developed a video image analysis application using the 
Lukas–Kanade method, which is widely used as an optical flow esti-
mation method (Lucas and Kanade, 1981), to measure the diaphragm 
muscle movement distance and determined the moving distance in ALS. 
We found that this novel measure, the diaphragmatic moving distance 
(DMD), was decreased in patients with ALS and may reflect a poor 
prognosis.

2. Methods

2.1. Study design and participants

This prospective cohort study included patients with ALS who were 
hospitalized at the Kobe University Hospital between October 2019 and 
November 2022. ALS was diagnosed by a board-certified neurologist. 
Progressive motor neuron failure was evidenced by clinical symptoms 
and electromyography, and other diseases were ruled out. Probable or 
definite ALS was diagnosed according to the revised El-Escorial or Awaji 
criteria (Brooks et al., 2000; de Carvalho et al., 2008).

We recruited age- and sex-matched healthy controls for comparison 
with the patients with ALS. The eligibility criteria were as follows: (1) 
both sexes; (2) age >20 years; and (3) no history or symptoms of 
neuromuscular or respiratory disease.

For participants with ALS, routine diaphragm ultrasonography was 
performed as part of clinical practice, and the stored videos were 
analyzed retrospectively using speckle tracking software created by GE 
Healthcare (Wuxi, China). Participants with ALS provided informed 
consent, and consent forms were completed whenever possible. Partic-
ipants whose images were previously stored as part of clinical practice 
were informed about the study and given the option to decline partici-
pation. Healthy controls provided written informed consent. This study 
was approved by the Medical Ethics Committee of Kobe University 

Graduate School of Medicine (approval numbers: B210095 and 
B210308).

2.2. Clinical characteristics of patients with ALS

The Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised 
(ALSFRS-R) score was evaluated at study initiation and at the last visit 
(in patients for whom follow-up was available after the examination), 
and the change in ALSFRS-R score per month was calculated.

2.3. Pulmonary function tests (PFTs)

The participants underwent PFTs, including vital capacity (VC) and 
percent forced vital capacity (%FVC) tests, in an upright seated position. 
Values are expressed as percentages of the normal predicted values. For 
all participants, PFTs were performed after the ultrasound examination 
or on a different day to prevent the impact of breathing effort on quiet 
respiration.

2.4. Phrenic nerve conduction exam

We performed a phrenic nerve conduction exam with the participant 
in a supine position. The recording electrode was affixed 5 cm cephalad 
to the xiphoid process, and the reference electrode was affixed to the rib 
16 cm from the recording electrode. The sternal and clavicular heads of 
the sternocleidomastoid muscles were stimulated using a bipolar stim-
ulating electrode (MEB-2300; Nihon Kohden, Tokyo, Japan). Supra-
maximal stimulation with a 0.2-ms duration was administered at 0.5 Hz, 
and the waveforms were recorded. The peak-to-peak amplitude of the 
compound motor action potential (CMAP) was obtained as outcomes 
(Resman-Gaspersc and Podnar, 2008). Three consistent CMAP ampli-
tudes on the right side were obtained and the mean value was analyzed.

2.5. Diaphragm ultrasound assessment

Diaphragmatic ultrasound was performed with participants in a su-
pine position. We measured (1) diaphragm thickness at the end of 
expiration, (2) DTF, and (3) diaphragm excursion during quiet breath-
ing. We then recorded video imaging for ultrasound speckle tracking. All 
ultrasound assessments were performed by the same examiner (S.W.) 
using LOGIQ e Premium (GE Healthcare) with an L4-12t-RS probe.

2.5.1. Diaphragm thickness
The diaphragm thickness was measured using a high-resolution 

4–12-megahertz (MHz) linear probe set at 10 MHz in two-dimensional 
B mode. The probe was positioned perpendicular to the chest wall, 
and an ultrasound image of the diaphragm was generated at the zone of 
apposition located on the 8th and 11th intercostal spaces on the anterior 
and midaxillary lines longitudinal to the body axis. The diaphragm was 
depicted as a hypoechoic layer between two highly echogenic layers, the 
pleura and peritoneum, above the liver. We measured the diaphragm 
thickness at the end of expiration without including the echogenic layers 
(Boon et al., 2013).

2.5.2. DTF
DTF represents the change in diaphragm thickness at the end of 

expiration and peak inspiration. DTF was calculated as {(thickness at 
peak inspiration − thickness at end of expiration)/thickness at end of 
expiration} × 100 (%) (Wait et al., 1989; Orde et al., 2016).

2.5.3. Diaphragm excursion during quiet breathing
Diaphragmatic excursion was measured using a 4-MHz convex 

probe. First, we used B-mode ultrasound to obtain the best view for 
analyzing diaphragmatic movement using the liver as a window. The 
probe was placed on the anterior axillary line in the subcostal area 
mediodorsally and cephalad, and the posterior portion of the right 
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diaphragm was delineated. M-mode ultrasonography was used to mea-
sure the cephalocaudal distance moved by the diaphragm during quiet 
breathing (Boussuges et al., 2009).

2.5.4. Video imaging for ultrasound speckle tracking
All participants underwent diaphragmatic ultrasonography in the 

supine position, allowing ≥30 s for quiet breathing to stabilize before 
examinations were performed. Diaphragmatic movements in the zone of 
apposition were recorded for a minimum of three quiet breaths after 
breathing was stabilized. An ultrasound device was set up for more ac-
curate tracking: (1) The gain was 50–60 dB to provide some contrast; (2) 
the probe frequency was 8 MHz; (3) the frame rate was 50 frame per 
second; (4) the speckle reduction filter was turned off; and (5) the frame- 
averaging system, which created an average image between frames and 
smoothed the video, was turned off. The probe was positioned such that 
the diaphragm moved as far as possible in the direction of the tomo-
graphic plane.

2.6. Analysis with ultrasound images

2.6.1. Diaphragm moving distance (DMD) measurement
Digital clips of the ultrasound images were transferred to an external 

storage device in an uncompressed form in an Audio Video Interleave 
(AVI) container. Motion analysis was performed by dedicated prototype 
software developed in Microsoft Visual C++. After loading the video 
image, the operator set a rectangular region of interest (ROI) at a unique 
position on the screen, including the diaphragm layer (surface and deep 
layers) and the off-screen areas used as anchors. Then, a square grid with 
a size of 5 pixels (kernels) was displayed. The motion vector of each 
vertex of the grid was estimated frame-by-frame, using the 
Lucas–Kanade method, which is a widely used differential method for 
optical flow (Fig. 1) (Lucas and Kanade, 1981). We then selected three 
kernels on the same line and tracked central, deep, and surface dia-
phragmatic layers, and measured the amount of movement for one 
breath at each site (Fig. 1). The same analysis was performed for three 
different breaths, and the average was defined as the DMD.

2.6.2. Strain of diaphragm measurement
Two kernels were set on the central layer of the diaphragm (interval 

5 mm) around the identifiable mid-point between the two ribs, and the 

strain, defined as the rate of change in distance between the two kernels 
during expiration and inspiration, was measured using the following 
calculation: [(distance between two kernels at inspiration − distance 
between two kernels at end of expiration)/distance between two kernels 
at the end of expiration] × 100 (%) (Fig. 2) (Orde et al., 2016). The 
strain was measured three times, and the mean value was evaluated. The 
respiratory rate was calculated by averaging the duration of three 
breaths.

2.6.3. Reliability and reproducibility of analysis with ultrasound images
To assess reliability and reproducibility of speckle tracking software, 

we calculated intraclass correlation coefficients (ICC) in healthy con-
trols. Intra-rater reliability {ICC (1,1)} and inter-rater reliability {ICC 
(2,1)} of DMD were calculated.

2.7. Statistical analysis

The Mann–Whitney U test was used to compare the two groups. 
Fisher’s exact test was used to compare sex ratios between the two 
groups. The Wilcoxon signed-rank test was used for comparisons within 
paired groups. ICC was calculated using EZR (Kanda, 2013). Correla-
tions between each parameter and DMD or strain were calculated using 
Spearman correlation analysis. All analyses were performed using 
GraphPad Prism (version 8.0; GraphPad Software, San Diego, CA). 
Statistical significance was established at p < 0.05.

3. Results

3.1. Participant characteristics

Patient characteristics are described in Table 1. We enrolled 19 pa-
tients with ALS (mean age: 62.2 ± 18.1 years, 14 males) and 21 age- and 
sex-matched healthy controls (mean age: 54.6 ± 17.4 years, 14 males). 
The duration of ALS from symptom onset at evaluation was 25.2 ± 29.8 
months. The mean ALSFRS-R score at evaluation was 38.1 ± 7.6 and the 
average monthly change in ALSFRS-R score after examination in 14 
patients who were followed up was 2.09 ± 2.17 (mean follow-up, 10.9 
± 9.5 months). Riluzole was administered to twelve of the patients and 
edaravone to four. Three healthy controls did not undergo PFTs and % 
FVC evaluation could not be performed in one patient with ALS due to 

Fig. 1. Diaphragm moving distance measurements. The method for measuring the diaphragm moving distance (DMD) involved setting a region of interest (ROI) at a 
unique position on the screen, including the diaphragm and the off-screen area at the end of expiration. The frame-by-frame motion of each grid with a size of 5 pixels 
(kernel) in the ROI was analyzed using the Lukas–Kanade method. Each analyzed kernel is displayed as a yellow circle. The placement of the analyzed kernel at the 
end of inspiration is shown. a: DMD on the surface layer. b: DMD on the central layer. c: DMD on the deep layer.
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cognitive impairment. Both %FVC and %VC were significantly lower in 
patients with ALS than in healthy controls (%FVC, 86.7 ± 21.4 % vs. 
103.4 ± 13.1 %, p < 0.01; %VC, 84.5 ± 21.0 % vs. 98.0 ± 12.1 %, p =
0.03, respectively). Results of phrenic nerve conduction studies showed 
significantly lower CMAP amplitude in patients with ALS (496.7 ±
223.4 μV vs. 804.1 ± 308.7 μV, p < 0.01). The diaphragm thickness at 
the end of expiration was not significantly different between healthy 
participants and patients with ALS (1.60 ± 0.30 mm vs. 1.58 ± 0.60 
mm, p = 0.58). Similarly, DTF values were not significantly different 
between the groups (86.2 ± 52.0 % vs. 75.3 ± 70.9 %, p = 0.22). Neither 
diaphragm thickness nor DTF correlated with disease duration. Dia-
phragm excursion during resting respiration was 2.05 ± 0.63 cm in 
healthy controls, but this was evaluated in only one patient with ALS; 
thus, a comparison was not possible.

3.2. Ultrasound speckle tracking results in healthy controls

Evaluation of the DMD and strain using speckle tracking was per-
formed for all participants. The tracking results varied slightly for each 
speckle of the different layers within the diaphragm, which was set as 
the kernel. The distance moved tended to be greatest in the deep layer 
and least in the surface layer (Table 2, Fig. 3). Therefore, for accuracy, 
we performed the following analysis using a kernel placed in the central 
layer of the diaphragm. Reproducibility of analyze with ultrasound 

Fig. 2. Diaphragm strain measurements. The method for measuring diaphragm strain involved setting two kernels 5 mm apart in the central layer of the diaphragm 
at the end of expiration. The distance between the two kernels at the end of inspiration was measured, and the percentage change from the end of expiration was 
determined. d: distance between diaphragm kernels at the end of expiration, e: distance between diaphragm kernels at the end of inspiration.

Table 1 
Participants’ characteristics and test results.

Healthy controls 
(n = 21) 
(mean ± SD, 
range)

ALS (n = 19) 
(mean ± SD, 
range)

p-value

Characteristics of participants
Age (years) 54.6 ± 17.4 

(31–77)
62.2 ± 18.1 
(29–84)

0.07

Sex (male %) 66.7 (14/21) 73.7 (14/19) 0.74
Body mass index (kg/m2) 22.2 ± 4.2 

(16.5–31.9)
22.4 ± 3.0 
(17.7–27.5)

0.93

Disease duration at test 
(months)

NA 25.2 ± 29.8 
(4–125)

NA

Onset (upper limb: lower 
limb: bulbar)

NA 8:9:2 NA

ALSFRS-R (at test date) NA 38.1 ± 7.6 
(14–45)

NA

Change in ALSFRS-R per 
month after examination

NA 2.09 ± 2.17 
(0–7.00)

NA

Pulmonary function test (at test date)
%FVC (%) 103.4 ± 13.1 

(77.6–122.9)
86.7 ± 21.4 
(32.4–118.7)

<0.01 
**

%VC (%) 98.0 ± 12.1 
(77.3–117.6)

84.5 ± 21.0 
(26.5–116.6)

0.03 *

Phrenic nerve conduction test
Phrenic CMAP amplitude 

(μV)
804.1 ± 308.7 
(404–1367)

496.7 ± 223.4 
(214–1016)

<0.01 
**

Diaphragm ultrasound
Diaphragm thickness at the 

end of expiration (mm)
1.60 ± 0.30 
(1.1–2.2)

1.58 ± 0.60 
(0.4–2.8)

0.58

Diaphragm thickening 
fraction (%)

86.2 ± 52.0 
(0–171.4)

75.3 ± 70.9 
(16.7–252.9)

0.22

Diaphragm excursion at the 
quiet breathing (cm)

2.05 ± 0.63 
(1.30–3.08)

NA NA

ALS, amyotrophic lateral sclerosis; ALSFRS-R, Amyotrophic Lateral Sclerosis 
Functional Rating Scale-Revised; FVC, forced vital capacity; VC, vital capacity; 
CMAP, compound motor action potential; SD, standard deviation.
*, p < 0.05; **, p < 0.01; NA, not available.

Table 2 
Ultrasound speckle tracking results of right hemidiaphragm analysis.

Healthy controls 
(mean ± SD, range)

ALS 
(mean ± SD, range)

p-value

DMD on the surface 
layer (mm)

1.2 ± 2.0 
(− 2.1–4.8)

0.4 ± 1.4 
(− 3.1–2.7)

0.23

DMD on the central 
layer (mm)

2.2 ± 2.2 
(− 2.2–5.4)

0.6 ± 1.4 
(− 3.1–2.8)

<0.01 **

DMD on the deep layer 
(mm)

2.8 ± 2.4 
(− 2.1–5.9)

0.8 ± 1.6 
(− 3.3–2.8)

<0.01 **

Strain of the diaphragm 
(%)

− 15.9 ± 8.4 
(− 31.3–3.4)

− 11.0 ± 6.2 
(− 21.2–-1.3)

0.04 *

Respiratory rate (/min) 14.1 ± 3.8 
(8.5–20.3)

17.7 ± 3.6 
(12.5–22.7)

<0.01 **

ALS, amyotrophic lateral sclerosis; DMD, diaphragm moving distance; SD, 
standard deviation.
*, p < 0.05; **, p < 0.01.
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images using speckle tracking software was good with ICC (1,1) of 0.985 
and (2,1) of 0.972. The average DMD during quiet breathing was 2.2 ±
2.2 mm and the average strain was − 15.9 ± 8.4 % (Table 2, Figs. 3 and 
4). DMD was not correlated with age. Both DMD and strain were 
significantly correlated with diaphragmatic excursion (DMD, R = 0.76, 
p < 0.01; strain, R = − 0.61, p < 0.01, Table 3, Fig. 3), and DMD and 
strain were significantly correlated (R = − 0.67, p < 0.01, Table 3). DMD 
did not correlate with age, %FVC, phrenic CMAP amplitude, diaphrag-
matic thickness, or DTF (Table 3). In three cases, the diaphragm shifted 
cephalad during inspiration (paradoxical abdominal DMD) (Iguchi et al., 
2022).

3.3. Ultrasound speckle tracking results in ALS

In patients with ALS, as in healthy controls, the moving distance of 
each layer within the diaphragm was greatest in the deep layer and least 
in the surface layer (Table 2), and the DMD and strain were significantly 
correlated (R = − 0.64, p < 0.01, Table 3). Likewise, DMD was not 
associated with age (p = 0.71) or illness duration (p = 0.78, Table 3). 
The central DMD during quiet breathing was 0.6 ± 1.4 mm and the 
strain of the diaphragm was − 11.0 ± 6.2 %, both significantly lower 
than in healthy controls (p < 0.01 and p = 0.04, respectively; Table 2, 
Fig. 4). In patients with ALS, DMD was positively associated with 
phrenic CMAP amplitude (R = 0.63, p = 0.01, Table 3, Fig. 4), and 
negatively correlated with respiratory rate (R = − 0.55, p = 0.02, 
Table 3, Fig. 4). Conversely, strain was not significantly correlated with 
phrenic CMAP amplitude and respiratory rate (Table 3). Paradoxical 
abdominal movements were observed in six patients with ALS. The 
respiratory rate was 17.7 ± 3.6 breaths/min, significantly higher than in 
healthy controls (p < 0.01, Table 2). In some patients, DMD decreased 
even when the %FVC was within the normal range. No significant cor-
relation was observed between DMD and diaphragm thickness or DTF 
(Table 3).

3.4. DMD and clinical course in patients with ALS

Although no correlation was observed between ALSFRS-R scores at 
the time of examination and DMD (p = 0.93, Table 3), DMD and the 
change in ALSFRS-R scores per month were significantly negatively 
correlated after the examination (R = − 0.61, p = 0.02; Table 3, Fig. 4). 
ALS was divided into two groups based on the median value of change in 
ALSFRS-R score per month (1.5), and the group with an ALSFRS-R score 
change >1.5 per month had significantly lower DMD (Fig. 4). However, 
the duration of illness (<1.5 group: 42.1 ± 34.2 months vs. >1.5 group: 
17.4 ± 5.8 months, p = 0.27) and ALSFRS-R scores at the time of the 
examination (<1.5 group: 41.4 ± 3.6 vs. > 1.5 group: 39.3 ± 5.7, p =
0.64) were not different.

4. Discussion

We developed novel methods for analyzing dynamic diaphragm 
dysfunction using ultrasonography and found decreased diaphragm 
movement and compensatory respiratory changes with increased res-
piratory rates in patients with ALS during quiet breathing. Diaphrag-
matic ultrasonography has been used to assess respiratory function in 
patients with ALS; however, several issues remain unresolved. In pa-
tients with ALS, diaphragm thickness correlates with phrenic CMAP 
amplitude both on inspiration and expiration (Noda et al., 2016; Pinto 
et al., 2016), and DTF < 120 % suggests a severe impairment of the 
diaphragm (Spiliopoulos et al., 2023). However, diaphragm thickness is 
inferior to phrenic CMAP amplitude as a monitoring index because 
significant changes cannot be detected in a short time (Pinto et al., 
2017), and DTF values remain normal until the advanced stage 
(Spiliopoulos et al., 2023).

The primary function of the diaphragm is to dilate the rib cage by 
caudally pulling the dome (Fritsch et al., 2022; Iguchi et al., 2022). As 
such, diaphragm excursion rather than thickness would be a more direct 
assessment of dynamic diaphragm function; however, the ability of M- 
mode ultrasound to depict three-dimensional diaphragmatic movement 
is limited (Noda et al., 2016; Goutman et al., 2017). Therefore, we used 

Fig. 3. Ultrasound speckle tracking results in healthy controls. Moving distance of each site of different layers within the diaphragm in healthy controls. The distance 
moved tended to be greatest in the deep layer and least in the surface layer. Diaphragm moving distance (DMD) at each site indicated by connecting lines for each 
case. Both DMD and strain were significantly correlated with diaphragmatic excursion in healthy controls. *, p < 0.05; **, p < 0.01.
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ultrasound speckle tracking, which quantifies tissue movement and 
deformation by tracking speckle patterns across imaging frames. We 
developed an original application that can analyze two-dimensional B- 
mode ultrasound images to measure the amount of movement of any 
kernel of the thin diaphragm muscle layer, unlike previous studies 
performed by diverting programs for cardiac use, which differ from the 
diaphragm in terms of pixel pattern or frame rate. Previous studies using 
speckle tracking in the diaphragm were performed on healthy partici-
pants (Orde et al., 2016; Goutman et al., 2017; Oppersma et al., 2017; 
Crognier et al., 2021; Ye et al., 2021), except for one study that reported 
diaphragm dysfunction and the process of recovery after cardiac surgery 
(Fritsch et al., 2022). We first used this method to measure the dia-
phragm moving distance in the ZOA of patients with ALS. We only 

observed a portion of the diaphragm through a small intercostal window 
from the anterior axillary line; however, the small sliding portion which 
is the muscle attachment area on the chest wall, may reflect the move-
ment of the entire diaphragm during quiet respiration (Kondo et al., 
2000).

In healthy controls, DMD significantly correlated with diaphrag-
matic excursion, suggesting a link with the actual movement of the 
diaphragm. In patients with ALS, DMD was decreased compared to 
healthy controls and was associated with phrenic nerve CMAP ampli-
tude, indicating that DMD may reflect diaphragmatic dysfunction in 
ALS. Moreover, DMD was negatively correlated with the respiratory rate 
and change in the ALSFRS-R score per month. DMD in those with a 
change of >1.5 in ALSFRS-R score per month was significantly lower 

Fig. 4. Ultrasound speckle tracking results in ALS. Both the central DMD and the strain of the diaphragm were significantly lower than in healthy controls. DMD was 
positively associated with phrenic CMAP amplitude and negatively correlated with respiratory rate. DMD and the change in ALSFRS-R scores per month were 
significantly negatively correlated after the examination. The group with an ALSFRS-R score change > 1.5 per month had significantly lower DMD. DMD, diaphragm 
moving distance; ALS, amyotrophic lateral sclerosis; CMAP, compound motor action potential; FVC, forced vital capacity. *, p < 0.05; **, p < 0.01.
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than in those with a change of <1.5. Strain also correlated significantly 
with diaphragm excursion in healthy controls and was significantly 
lower in patients with ALS but was not correlated with phrenic CMAP 
amplitude or respiratory rate in ALS.

Although %FVC < 50 % has traditionally been associated with a poor 
prognosis and considered an indicator for non-invasive ventilation in-
duction, it is thought that patients with ALS may have moderate to se-
vere diaphragmatic dysfunction before %FVC reaches this point 
(Lechtzin et al., 2002; Pihtili et al., 2021). Biopsy specimens of the 
diaphragm showed muscle atrophy, and compensatory remodeling by 
re-innervation occurred in ALS even before it was detected by routine 
PFTs (Guimarães-Costa et al., 2019). Although respiratory symptoms are 
not apparent in the early stages of ALS (Lechtzin et al., 2002; Pihtili 
et al., 2021), indirect signs of diaphragmatic dysfunction, such as 
tachypnea, decreased thoracic dilation, and utilization of accessory 
respiratory muscles are still observed (Braun et al., 2018). One expla-
nation is that patients with ALS have decreased tidal volume due to 
diaphragmatic dysfunction and decreased thoracic compliance 
(Lechtzin et al., 2006), which is compensated for by an increased res-
piratory rate (Siirala et al., 2012). In ALS, respiratory dysfunction pro-
gresses sub-clinically, even in the absence of symptoms, and 
compensatory mechanisms may delay the manifestation of symptoms. In 
our study, diaphragm movement was lower in patients with ALS than in 
healthy controls and was negatively correlated with the respiratory rate 
even if %FVC was preserved, possibly indicating respiratory compen-
sation in ALS (Fig. 4).

Conversely, the onset of respiratory symptoms signifies limitations of 
compensation by re-innervation, at which point ALS is considered to be 
in an advanced stage with a poor prognosis. In the present study, the 
negative correlation between the change in the ALSFRS-R score per 
month after the examination and DMD as well as the lower DMD scores 
in the group with a greater change in ALSFRS-R per month, suggest a 
worse subsequent prognosis in those patients. The rate of ALSFRS-R 

decline is not constant, even in individual cases (Swinnen and Robber-
echt, 2014), and the rate of disease progression depends on the meta-
bolic status of the patient (Cattaneo et al., 2022). Patients with low DMD 
are considered to be in a hypermetabolic state due to tachypnea, as they 
compensate for diaphragmatic dysfunction with an increased respira-
tory rate (Ichihara et al., 2012). Anatomical studies have also shown that 
the anterolateral and posterior portions of the diaphragm are develop-
mentally distinct, with the cell bodies of the innervating nerve being 
more rostral (C4) in the anterior portion than caudal (C6) in the pos-
terior portion (Fogarty and Sieck, 2019). Aran–Duchenne type ALS, 
which is a common form of ALS with initially wasting hands, has a poor 
prognosis when the area of involvement spreads cephalad from the 
hands to the shoulders. Therefore, the presence of abnormalities in the 
diaphragm observed from the anterior axillary line may be associated 
with a more extensive lesion.

Although strain was the endpoint in previous reports (Orde et al., 
2016; Goutman et al., 2017; Oppersma et al., 2017; Crognier et al., 
2021; Ye et al., 2021; Fritsch et al., 2022), it was not a useful endpoint in 
that it did not correlate with phrenic CMAP amplitude or respiratory 
rate in the present study compared to DMD. Strain seemed appropriate 
as an evaluation parameter since the heart muscle is not fixed at either 
end or moves in a centripetal direction. In contrast, one end of the 
diaphragmatic muscle is fixed to the ZOA; therefore, strain may not be 
the ideal measurement. It is necessary to create a program specifically 
for the diaphragm, rather than the heart. In addition, the speckle- 
tracking algorithm also refers to the movement of surrounding pixels 
(Lucas and Kanade, 1981), which may cause errors in the measurement 
results when there are surrounding tissues that move differently, such as 
the intercostal muscles or the liver, as in the present study. To use ul-
trasound examination as a marker of deterioration, these complexities 
need to be overcome.

We did not evaluate DMD at deep inspiration for two reasons. First, 
tracking was not possible in deep inspiration because the ROI would be 
off-screen. Second, deep inspiration depends on patient effort. There-
fore, it may be difficult to perform, especially in patients with cognitive 
dysfunction. In addition, although thoracic compliance and central 
ventilatory drive may be involved in quiet breathing, it is largely 
dependent on diaphragm function itself, such as muscle contractility and 
length. The advantage of this method is that the function of the dia-
phragm itself can be evaluated, and quiet breathing was chosen because 
it is less affected by individual differences in inspiratory effort.

This study had several limitations. First, it was a single-center, single- 
examiner study with a small sample size, making it difficult to validate 
each subtype of ALS. Second, some patients were treated with riluzole 
and edaravone, which may have affected the prognosis. Third, para-
doxical abdominal movements were observed in some middle-aged 
women in the healthy controls. Diaphragm excursion is lower in 
women who have given birth or have stress urinary incontinence and is 
compensated for by intercostal and other muscles. Thus, diaphragm 
function may be reduced in a disuse manner (Hwang et al., 2021). In this 
group, diaphragmatic evaluation may not have been initially useful; 
however, further studies with a larger number of cases are required.

5. Conclusion

Evaluation of DMD using ultrasound speckle tracking may detect 
diaphragmatic dysfunction in patients with ALS. In addition, DMD 
measurements may predict prognosis.
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