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Abstract 

There is a need to monitor tidal volume in critically ill patients with acute respiratory failure, given its relation 
with adverse clinical outcome. However, quantification of tidal volume in non-intubated patients is challenging. In 
this proof-of-concept study, we evaluated whether ultrasound measurements of diaphragm excursion could be 
a valid surrogate for tidal volume in patients with respiratory failure. Diaphragm excursions and tidal volumes were 
simultaneously measured in invasively ventilated patients (N = 21) and healthy volunteers (N = 20). Linear mixed mod‑
els were used to estimate the ratio between tidal volume and diaphragm excursion. The tidal volume–diaphragm 
excursion ratio was 201 mL/cm in ICU patients [95% confidence interval (CI) 161–240 mL/cm], and 361 (294–428) mL/
cm in healthy volunteers. An excellent association was shown within participants (R2 = 0.96 in ICU patients, R2 = 0.90 
in healthy volunteers). However, the differences between observed tidal volume and tidal volume as predicted 
by the linear mixed models were considerable: the 95% limits of agreement in Bland–Altman plots were ± 91 mL 
in ICU patients and ± 396 mL in healthy volunteers. Likewise, the variability in tidal volume estimation between partici‑
pants was large. This study shows that diaphragm excursions measured with ultrasound correlate with tidal volume, 
yet quantification of absolute tidal volume from diaphragm excursion is unreliable.
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Background
High respiratory effort and tidal volume (TV) have been 
linked to aggravation of lung injury in patients with acute 
respiratory failure, also referred to as patient self-inflicted 
lung injury (P-SILI) [1, 2]. Timely identification of 
patients with respiratory deterioration may be of clinical 
relevance [3, 4]. The ROX-index (SpO2/FiO2/respiratory 

rate) has been validated to identify patients on high-flow 
nasal oxygen at risk for requiring endotracheal intuba-
tion [5]. Yet, upon increased respiratory loading, changes 
in TV precede increases in respiratory rate [6]. Indeed, 
replacing respiratory rate by TV in the ROX-index sig-
nificantly improved predicting requirement of invasive 
mechanical ventilation in patients with respiratory failure 
[7]. However, TV measurement in non-intubated criti-
cally ill patients is challenging given the need for accurate 
airflow measurements.

Ultrasound assessment of diaphragm excursion is 
reproducible and fair correlations with TV were reported 
in non-clinical studies [8–10]. Therefore, we hypoth-
esized that bedside measurement of diaphragm excur-
sion could be a valid surrogate for TV. Studies evaluating 
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diaphragm motion have been performed earlier in the 
context of weaning from mechanical ventilation [11]. The 
aim of the current proof-of-concept study was to deter-
mine the relationship between TV and diaphragm excur-
sions in ICU patients and healthy volunteers. In addition, 
we investigated correlations between changes in TV and 
diaphragm excursion within patients.

Methods
In this prospective study two groups were studied: healthy 
volunteers and patients on invasive mechanical ventila-
tion, enrolled between August and December 2022. The 
ethics board approved the study (MEC-2022-0451) and 
written informed consent was obtained, through legal 
representatives whenever necessary. Patients with tra-
cheostomy, Body Mass Index (BMI) > 35  kg/m2, exacer-
bation of obstructive lung disease, large pleural effusions 
(> 1.5 cm), neuromuscular disease or diaphragm paralysis 
(defined as known paralysis in medical history or having 
paradoxal diaphragm movement on ultrasound) were 
excluded.

Simultaneous measurements of TV and diaphragm 
excursion were obtained in at least 3 breaths per par-
ticipant. The right hemi-diaphragm was visualized in 
semi-recumbent position (30 degrees) using subcos-
tal view in M-mode (Sparq, Philips; 2–4  MHz probe) 
by a single observer experienced in diaphragm ultra-
sound, as previously described[12]. Images were stored 
for offline analysis (Sante DICOM Viewer). In patients 
on invasive mechanical ventilation (Servo-U, Getinge, 
Sweden) measurements were performed during the first 
few minutes of a spontaneous breathing trial with posi-
tive end-expiratory pressure (PEEP) of 5 cmH2O and no 
inspiratory pressure support. Healthy volunteers were 
breathing through a mouthpiece with flow sensor con-
nected to a signal acquisition system (BIOPAC Systems, 
USA), while wearing a nose clip to prevent air leakage. 
They were instructed to perform tidal breathing as well as 
deep breathing at non-maximal levels to generate a range 
of TV. To maximize precision of the measurements, both 
TV and diaphragm excursions were determined offline 
and thus were not read from the ventilator or ultrasound 
machine directly during the imaging procedure. Dia-
phragm excursions were determined by measurement of 
the amplitude of the M-line, while being blinded for the 
corresponding TV values. TV were extracted from the 
integral of the  inspiratory flow-time curve as exported 
from the ventilator monitor in ICU patients or as meas-
ured with a dedicated transducer in healthy subjects.

Using intra-class correlation coefficient (ICC) analysis, 
single observer test–retest reliability was assessed for dia-
phragm excursion in a random sample of 3 healthy vol-
unteers and 3 patients (n = 74 breaths) using a two-way 

mixed model with single measures of agreement. Fur-
thermore, we assessed the stability of the ratio between 
diaphragm excursion and TV within a subject as a sur-
rogate of measurement reliability, considering that this 
ratio should not change within the short time interval. 
To this end, we used 3–5 breaths for all subjects and 
employed a two-way mixed model with single measures 
of consistency.

Statistical analysis was performed with R (RStudio, 
version 4.2.2). A linear mixed model with a random 
intercept per participant and fixed effect of diaphragm 
excursion was used to estimate the TV-diaphragm excur-
sion ratio, thereby taking multiple and variable measure-
ments per subject into account. The agreement between 
the observed TV and the TV as predicted by the linear 
mixed model was evaluated using a Bland–Altman plot. 
In addition, to test if the relationship between TV and 
diaphragm excursion was affected by any participant 
characteristics, such as age, BMI and chest circumfer-
ence, these characteristics were individually added to the 
linear mixed model as fixed effects. For all analyses, a p 
value < 0.05 was considered statistically significant.

Results
ICU patients (N = 21) and healthy volunteers (N = 20) 
(Table  1) yielded 139 (median 6, IQR 5–8) and 255 
(median 13, IQR 11–14) analyzable breaths, respectively. 
A good stability of the TV-diaphragm excursion ratio 
over consecutive breaths within one subject was shown 
(ICC: 0.86). The mean (± standard deviation) difference 
between first and second diaphragm excursion measure-
ment was 0.035 ± 0.20  cm. The ICC for intra-observer 
variability between the first and second measurement 
of diaphragm excursion was 0.99. The models indicated 
an excellent association within participants (R2 = 0.96 
in invasively ventilated patients, R2 = 0.90 in healthy 
volunteers), as illustrated in Fig.  1. The TV-diaphragm 
excursion ratio was 201  mL/cm in ICU patients (95% 
confidence interval (CI) 161–240 mL/cm), p < 0.001, and 
361 (95% CI 294–428) mL/cm, p < 0.001 in healthy vol-
unteers. The mean (± standard deviation) value of the 
per-patient intercept of the model was 0 ± 157 mL in ICU 
patients, and 0 ± 267 mL for healthy volunteers. The vari-
ability in TV estimation between participants was large: 
e.g., a diaphragm excursion of 1.5 cm could correspond 
to a TV between 250 and 750 mL in ICU patients (Fig. 1). 
Participant characteristics (age, sex, height, Ideal Body 
Weight, BMI, chest circumference and days on inva-
sive mechanical ventilation) did not affect the relation-
ship between diaphragm excursion and TV (Table  1). 
Bland–Altman plots (Fig. 2) showed considerable differ-
ences between observed and predicted TV (95% limits 
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of agreement: ± 91  mL in ICU patients and ± 396  mL in 
healthy volunteers).

Discussion
Our study demonstrates a correlation between ultra-
sound measurement of diaphragm excursion and TV in 
healthy volunteers, but the large variability in the data 
in ICU patients indicates a less obvious association. This 
precludes a reliable estimation of the absolute value of 
TV from diaphragm excursion measurement in the clini-
cal setting.

The difference in TV-diaphragm excursion ratio 
between ICU patients and healthy volunteers may 
be explained by a smaller distribution of TV in ICU 
patients. Indeed, an additional (sensitivity) analysis of the 
TV-diaphragm excursion relationship in healthy volun-
teers when including only breaths in the same TV range 
as ICU patients (TV ≤ 1250  mL) indicated that the TV-
diaphragm excursion ratio is comparable to ICU patients 
[231 (209–255) mL/cm]. In addition, altered respiratory 
mechanics and potential effects of PEEP on diaphragm 
efficiency [13] have likely played a role. An earlier study 
showed that the application of PEEP resulted in caudal 
displacement of the diaphragm and decreased the dia-
phragm contractile efficiency. Possibly, the decrease in 
TV-diaphragm excursion ratio in ICU patients compared 
to healthy volunteers is explained by PEEP.

Our results contrast with earlier studies that observed 
a fair correlation between TV and diaphragm excursion 
[9, 10]. However, these studies were performed in non-
clinical settings, and used simple linear regression analy-
sis without accounting for multiple measurements per 
participant. Furthermore, their larger TV-diaphragm 
excursion ratios (555 and 625 mL/cm, respectively) may 
be explained by recruitment of accessory muscles, since 
participants in earlier studies were instructed to inhale 
up to total lung capacity.

There are limitations of our study to acknowledge. 
First, we did not quantify accessory muscle use, although 
the association between diaphragm excursion and TV is 
affected by these muscles. Occult recruitment of acces-
sory muscles may, therefore, have distorted the TV-
diaphragm excursion ratio especially in ICU patients. 
However, we evaluated the potential of diaphragm 
excursion as bedside tool to monitor TV. Simultaneous 
evaluation of accessory muscle recruitment might have 
improved the understanding of the association between 
diaphragm excursion and TV, but would also compli-
cate its clinical applicability. Second, the average time 
on invasive mechanical ventilation in the studied ICU 
patients was rather short. We recognize that the associa-
tion between diaphragm excursion and TV may differ in 
patients with prolonged invasive mechanical ventilation 
due to diaphragm muscle dysfunction [14]. However, the 

Table 1  Baseline characteristics for all participants, separated for healthy volunteers and ICU patients

Characteristics were added to the linear mixed model with ICU patients as separate fixed effects; p values represent the statistical effect of these covariates. 
Categorical data are represented as number with percentage between brackets. Continuous data are represented as median with quartiles. IMV invasive mechanical 
ventilation, ICU intensive care unit, IBW Ideal Body Weight, BMI Body Mass Index, NA: not applicable

Overall (N = 41) ICU patients (N = 21) Healthy volunteers 
(N = 20)

p value for 
variable in 
model

Male sex 26 (63) 16 (76) 10 (50) 0.23

Age (y) 33 (28–63) 60 (49–74) 28.5 (26–31) 0.36

Height (m) 1.8 (1.7–1.8) 1.8 (1.7–1.8) 1.8 (1.7–1.8) 0.96

IBW (kg) 71 (62–72) 68 (62–71) 71 (65–75) 0.75

BMI (kg/m2) 24 (22–26) 25 (23–28) 23 (22–25) 0.97

Thorax circumference (cm) 94 (85–103) 101 (95–114) 87 (80–91) 0.38

Days on IMV at measurement NA 3 (1–5) NA 0.63

pH 7.44 (7.41–7.46)

PaCO2 (mmHg) 39 (38–42)

PaO2 (mmHg) 84 (76–107)

PaO2/FiO2 285 (222–372)

IMV indication

 Securing airway 4 (19)

 Respiratory failure 3 (14)

 Circulatory failure 5 (24)

 Neurological/neurotrauma 7 (33)

 Post-surgery or trauma 2 (10)
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targeted population to use diaphragm excursion as proxy 
for TV would concern non-intubated patients rather than 
those with prolonged invasive mechanical ventilation. 
Third, we excluded patients with high BMI due to dif-
ficulty of imaging the diaphragm, and also patients with 
exacerbation of obstructive lung disease due to flattening 
of their diaphragm resulting from pulmonary hyperin-
flation. This may affect the generalizability of our results 

as these are common comorbidities in the ICU popula-
tion. Fourth, images from multiple breaths were obtained 
once in each participant. The use of a single ultrasonog-
rapher may imply that if this method were to be trans-
lated to clinical practice more variability from different 
observers may be introduced. However, the reproduc-
ibility of diaphragm excursion measurements via ultra-
sound has already been substantiated in a large study 

Fig. 1  Correlation between Diaphragm Excursion and Tidal volume per participant, separated for ICU patients on invasive mechanical ventilation 
and healthy volunteers. Every color represents a different participant. A Patients on Invasive Mechanical Ventilation. B Healthy volunteers
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Fig. 2  Bland–Altman plot showing the association between observed and predicted Tidal Volumes based on the linear mixed model, separated 
for ICU patients on invasive mechanical ventilation and healthy volunteers. Every color represents a different participant. The dashed lines indicate 
95% limits of agreement: ± 91 mL in ICU patients (A) and ± 396 mL in healthy volunteers (B)
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[8]. Consequently, we reasoned that imaging performed 
by multiple observers was deemed unnecessary in this 
study. Finally, TV was derived from the flow tracings but 
under different gas conditions (body temperature, pres-
sure, water vapor saturated in ventilated patients and 
ambient temperature and pressure in healthy subjects); 
this will not affect the primary conclusion and between-
subject variability but may result in a slightly higher 
absolute ratio (mL/cm) for healthy volunteers compared 
to ventilated patients.

Adequate diaphragm imaging is pivotal to establish 
the TV-diaphragm excursion ratio in the critical care 
setting. M-mode ultrasound measures unidimensional 
diaphragm movement and requires diaphragm motion 
perfectly aligned with the M-mode line. Even then, 
commonly employed one-dimensional measures of dia-
phragm excursion cannot capture the complete dia-
phragm motion, which is multidimensional. Our study 
emphasizes the complexity of the resultant relationship 
between a single measurement of diaphragm excursion 
and TV. Hence, a one-dimensional measure is unsuit-
able to determine absolute values or a safe cutoff for TV. 
Advanced techniques such as speckle tracking may have 
superior performance by quantifying diaphragm motion 
in multiple dimensions [15, 16]. Prior studies were often 
hampered by the application of inspiratory pressure 
support during ultrasound measurements. However, it 
should be stressed that such measurements of excursion 
should be performed in patients without inspiratory ven-
tilator support [12, 17] to reliably reflect the patient’s own 
contribution to generating TV, such as done in our study. 
The relationship between diaphragm excursion as meas-
ured with speckle tracking and TV and its possible role 
in predicting the need for intubation  in non-intubated 
patients with acute respiratory failure requires further 
study.

Conclusion
To conclude, in this proof-of-concept study in critically 
ill patients and healthy volunteers, single measurement of 
diaphragm excursion is not a clinically feasible surrogate 
for absolute values of TV. Consecutive measurements of 
diaphragm excursion may indicate changes in TV within 
patients with respiratory failure, yet its margin of error 
is too large to use the measurement for monitoring clini-
cal deterioration. Therefore, diaphragm excursions meas-
ured with ultrasound should not be used to identify 
patients at risk for P-SILI.

Take home message
Monitoring tidal volume in patients with respiratory failure 
is necessary, but its measurement in non-intubated patients 
is challenging. This study shows that diaphragm excursions 

measured with ultrasound correlate with tidal volume, yet 
quantification of absolute values for tidal volume from dia-
phragm excursion is unreliable.

Tweet
Measurements of diaphragm excursions with ultrasound 
correlate with tidal volume, but should not be used to 
determine tidal volume.
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