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Abstract—Ultrasonography of the diaphragm in the zone of apposition has become increasingly popular to eval-
uate muscle thickness and thickening fraction. However, measurements in this anatomical location are frequently
hindered by factors that constrain physical accessibility or that alter diaphragm position. Therefore, other ana-
tomical positions at the chest wall for transducer placement are used, but the variability in diaphragm thickness
across the dome has not been systematically studied. The aim of this study was to evaluate anatomical variation
of diaphragm thickness in 46 healthy volunteers on three ventrodorsal lines and two craniocaudal positions on
these three lines. The intraclass correlation coefficient (ICC) for diaphragm thickness in the craniocaudal direc-
tion on the mid-axillary line was significantly higher than those on the posterior axillary and midclavicular lines,
suggesting it had the lowest variability (ICCmidaxillary = .89, 95% confidence interval [CI]: 0.83�0.93, ICCposterior

axillary = 0.74, 95% CI: 0.62�0.85, ICCmidclavicular = 0.62, 95% CI: 0.43�0.47, p< 0.05). Average diaphragm thick-
ness was comparable on the posterior axillary and midaxillary lines and substantially larger on the midclavicular
line (1.24 mm [1.06�1.47], 1.27 mm [1.10�1.42] and 2.32 [1.97�2.70], p < 0.01). We conclude that the normal
diaphragm has a large variability in thickness, especially in the ventrodorsal direction. Variability in craniocau-
dal position is the lowest at the midaxillary line, which therefore appears to be the preferred site for diaphragm
thickness measurement. (E-mail: m.haaksma@amsterdamumc.nl) © 2022 The Author(s). Published by
Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine & Biology. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Over recent years, the importance of assessing dia-

phragm structure and function in critically ill patients

has increasingly been recognized (Tuinman et al. 2020;

Haaksma et al. 2021b). Studies have indicated that dia-

phragm atrophy and loss of contractility are associated

with increased duration of mechanical ventilation and

increased mortality (DiNino et al. 2014;

Goligher et al. 2018; Vivier et al. 2019). As such, moni-

toring these aspects is crucial. To this end, ultrasonogra-

phy emerged as a popular technique, given its negligible
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patient burden, bedside availability and steep learning

curve (Garofalo et al. 2019). Assessment of muscular

thickness and thickening fraction during respiration have

been used to assess loss of muscle mass and muscle func-

tion, respectively, although the latter remains controver-

sial (Poulard et al. 2022).

Thickness measurements are commonly performed

in the midaxillary line between the 8th and 11th intercos-

tal spaces (Matamis et al. 2013; Goligher et al. 2015b;

Haaksma et al. 2018). In this so-called zone of apposi-

tion, the diaphragm lines the chest wall and can be visu-

alized as a three-layer structure: a hypo-echoic layer

enclosed by the echogenic pleura and peritoneum, with

an echogenic fibrous layer running through its middle.
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Studies have reported reference values for thickness in

that area with respect to sex, age, posture and positive-

pressure ventilation (Goligher et al. 2015a;

Hellyer et al. 2017; Boussuges et al. 2021;

Jansen et al. 2021). Importantly, it is recommended that

measurements are taken within this area and that the site

of image acquisition is marked for repeated measure-

ments, to reduce variability originating from variation in

thickness at different anatomical positions

(Goligher et al. 2015b; Tuinman et al. 2020). Interest-

ingly, variation in diaphragm thickness across the dome

has not been systematically investigated. This is, how-

ever, important in case the preferred anatomical location

for diaphragm ultrasound may be inaccessible because

of surgical dressings and chest tubes or factors that alter

diaphragm position (e.g., positive-pressure ventilation

and pathology such as chronic obstructive pulmonary

disease, obesity and ascites) (Panicek et al. 1988;

Ottenheijm et al. 2008; Jansen et al. 2021). This impedes

adherence to current recommendations and requires

transducer placement across a wider range in craniocau-

dal and/or dorsoventral positions (Matamis et al. 2013;

Zambon et al. 2016; Haaksma et al. 2018;

Tuinman et al. 2020). Given that small variations in

measurements can severely affect the clinical meaning

of found values, it is crucial to know the extent of ana-

tomical variation in diaphragm muscle thickness across

the muscle dome (Panicek et al. 1988;

Haaksma et al. 2017; Shi et al. 2021).

The aim of this study was to determine the anatomi-

cal variation in diaphragm thickness in the craniocaudal

and dorsoventral directions.
METHODS

The study was approved by the ethics board of the

Amsterdam UMC Hospital, Amsterdam, The Nether-

lands, and prospectively registered in the Netherlands

Trial Register (Registration ID No. NL9792). Guidelines

in the Declaration of Helsinki were followed, and written

informed consent was provided by all participants.

STROBE (Strengthening the Reporting of Observational

Studies in Epidemiology) guidelines for reporting of

observational studies were followed (see Supplementary

Data, online only).

Healthy volunteers (>18 y of age) were recruited

from November 11 until December 6, 2021. Exclusion cri-

teria were diaphragm paralysis or paresis in the past medi-

cal history. Baseline characteristics (age, sex, body mass

index [BMI]) were recorded on the day of measurement.
Fig. 1. Anatomical lines of measurement.
Ultrasound examination

All ultrasound images were acquired by one well-

trained researcher (M.E.H.) using a Philips CX50
ultrasound machine with a 4- to 12-MHz high-frequency

linear transducer. Gain and depth settings were freely

adjustable. Volunteers were examined in the supine posi-

tion.

Measurements were in the posterior axillary, mid-

axillary and midclavicular lines (Fig. 1). In all anatomi-

cal landmarks, the diaphragm was visualized with the

probe perpendicular to the chest wall, such that three

hyperechogenic lines (pleura, fibrous layer and perito-

neum) were visible (Haaksma et al. 2018, 2021a;

Tuinman et al. 2020). In the midclavicular line, the typi-

cal three-layered structure could often not be visualized

in this field (Fig. 2), but care was taken to obtain the best

image possible.

Volunteers were instructed to calmly breath at

their own pace. For image acquisition, once the trans-

ducer was correctly positioned, the volunteers were

instructed to perform a brief, expiratory breath hold

at functional residual capacity. During this hold, the

caudal and cranial images on one of the three ana-

tomical lines were obtained by sliding the transducer

across the chest wall (Fig. 3). Once completed, this

process was repeated for the two remaining anatomi-

cal lines. The full protocol thus entailed acquisition

of two images on three anatomical lines in the cranio-

caudal direction (posterior axillary, midaxillary and

midclavicular) on both sides of the thorax, for a total

of 12 images per volunteer.

Expiratory diaphragm thickness measurements

were performed offline on completion of the exam in the



Fig. 2. Example images on each anatomical line.

Fig. 3. Measurements on one anatomical line.
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Sante Dicom Viewer (Santesoft LTD, Cyprus). Thick-

ness was measured as the distance between the inner

layers of the fasciae, perpendicular to the muscle fiber

direction. Within each image, two thickness measure-

ments were performed, at least 1 cm apart, to obtain a

representative sample.
Outcomes

The primary outcome measure of this study was the

overall intraclass correlation in the midaxillary line

across four measurements performed on that line, as a

surrogate for thickness variability. To this end, operator-

related variability was assumed to be minimal, given
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prior studies published by this group indicating almost

perfect intra-rater reproducibility (ICC >0.95)

(Haaksma et al. 2021a; Shi et al. 2021). Secondary out-

comes included intraclass correlation on the posterior

axillary and midclavicular lines. The tertiary outcome

included absolute thickness of diaphragm in millimeters

per line of measurement and comparison of found val-

ues.
Sample size

We estimated how large a sample was needed to

find an intraclass correlation coefficient with a 10% mar-

gin of error, with 0.8 as the acceptable lower boundary

of the 95% confidence interval (Koo and Li 2016). Thus,

assuming an intraclass coefficient of 0.9 and four meas-

urements in the zone of apposition, a sample size of 40

was needed. With an estimated 15% missing data result-

ing from inability to perform measurements, 6 additional

individuals were included to account for potential data

loss.
Statistical analysis

Statistical analyses were performed using R statisti-

cal software version 3.6 (R Foundation for Statistical

Computing, Vienna, Austria). Variables were tested for

normality with the Shapiro�Wilk test. Descriptive statis-

tics are expressed as the mean § standard deviation,

median [interquartile range (IQR)] or number (%) when

appropriate. Variability in diaphragm thickness per line

was expressed as the intraclass correlation coefficient

using a two-way random effects model and is reported as

a value between 0 and 1 with its 95% confidence interval

(CI). Hence, the higher the ICC, the more strongly did

thickness measurements obtained at the cranial and cau-

dal transducer locations resemble each other. ICCs were

calculated per anatomical line, but also per hemithorax

as it is difficult to exactly match ventrodorsal placement

of the transducer on each side. To test for differences in

ICCs between the anatomical locations, we calculated

the 84% CI; no overlap in these CIs was considered as
Table 1. Characteristi

Overall

Number 46 (100%)
Age, y 28 [26�32]
Height, cm 176 [171�185]
Weight, kg 74 [63�84]
Body mass index, kg/m2 22.9 [21.6�24.6]
Average thickness, mm

Posterior axillary 1.24 [1.06�1.48]
Midaxillary 1.27 [1.10�1.42]
Midclavicular 2.32 [1.97�2.70]

Values are expressed as the median [interquartile range] or number (%).
corresponding to a p value <0.05 (Payton et al. 2003;

MacGregor-Fors and Payton 2013). Differences in dia-

phragm thickness between anatomical lines were tested

with the Kruskal�Wallis test. Average values for dia-

phragm thickness are presented by sex given the known

differences between sexes. ICCs are provided per hemi-

thorax as it is difficult to exactly match ventrodorsal

placement of the transducer on each side. A p value

<0.05 was regarded as indicating statistical significance.
RESULTS

Between October 11, 2021, and December 6, 2021,

46 healthy volunteers were included. Characteristics of

the study cohort are summarized in Table 1. Of the

included sample, 26 (56%) were male with a median age

of 28 [26�32].

Of 1104 possible thickness measurements (two

thickness measurements per image £ 12 images £ 46

volunteers = 1104), 1033 (94%) could be made with suf-

ficient quality. Reasons for missing data were lung tissue

obscuring the diaphragm, thus limiting movement of the

transducer to acquire a second image, and inability to

perform two measurements within a single recording

because of insufficient diaphragm tissue visualization. In

the latter case, only one thickness measurement was per-

formed. This was most frequently encountered in the

midclavicular line, accounting for 52% of the total miss-

ing data.

A statistically significant difference in thickness was

observed between the posterior axillary, midaxillary and

midclavicular lines overall, as well as on the right and left

hemidiaphragms (p < 0.01). The intraclass correlation

coefficients per anatomical craniocaudal line and hemi-

thorax are provided in Table 2. On each hemithorax, the

highest ICCs were found on the midaxillary line, which

differed significantly from ICCs on the posterior axillary

and midclavicular lines (p < 0.05), whereas those on the

latter two lines did not differ significantly (Table 3).

Average diaphragm thickness is compared in

Table 4. Bland�Altman plots for comparison of
cs of volunteers

Male Female

26 (57%) 20 (43%)
30 [27�33] 27 [25�29]
184 [180�189] 170 [170�173]
82 [75�88] 62 [60�70]
23.9 [22.9�25.2] 21.6 [20.5� 22.9]

1.36 [1.23�1.57] 1.08 [.98�1.24]
1.35 [1.21�1.52] 1.15 [1.03�1.28]
2.62 [2.10�2.87] 1.99 [1.82�2.37]



Table 2. ICCs per anatomical line and hemithorax

Right Left

Number ICC 95% CI Number ICC 95% CI

Posterior 40 0.74 0.62�0.84 37 0.61 0.46�0.75
Midaxillary 40 0.89 0.83�0.93 41 0.86 0.78�0.91
Midclavicular 36 0.62 0.43�0.73 34 0.68 0.53�0.80

CI = confidence interval; ICC = intraclass correlation coefficient.

Table 3. Comparisons of ICCs

ICC 84% CI ICC 84% CI p Value*

Posterior Midaxillary

Right 0.74 0.66�0.81 0.89 0.85�0.92 <0.05
Left 0.61 0.50�0.71 0.86 0.81�0.90 <0.05

Posterior Midclavicular

ICC 84% CI ICC 84% CI p Value*

Right 0.74 0.66�0.81 0.62 0.48�0.74 >0.05
Left 0.61 0.50�0.71 0.68 0.57�0.77 >0.05

Midaxillary Midclavicular

ICC 84% CI ICC 84% CI p Value*

Right 0.89 0.85�0.92 0.62 0.48�0.74 <0.05
Left 0.86 0.81�0.90 0.68 0.57�0.77 <0.05

CI = confidence interval; ICC = intraclass correlation coefficient.
* If there is no overlap between 84% CIs, then p < 0.05 can be

assumed.
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measurements between two lines are provided in the

Supplementary Data (Figures S1-S3 (online only)). Dif-

ferences in thickness between posterior axillary and mid-

axillary lines remained constant with increasing mean

thickness, while differences in thickness between mid-

clavicular and posterior axillary and midaxillary thick-

ness increased with increasing mean thickness.
DISCUSSION

In this study evaluating the variability of diaphragm

thickness assessed by ultrasound in healthy adult volun-

teers, the main findings are that (i) craniocaudal variabil-

ity in diaphragm thickness was lowest on the midaxillary

line, and (ii) midaxillary thickness is comparable to pos-

terior axillary thickness, while midclavicular thickness is

significantly higher.

Previous literature recommends that thickness

measurements of the diaphragm with ultrasonography

should be performed in the zone of apposition on the
Table 4. Comparison of d

Posterior axillary Midaxillary

Total 1.24 [1.06�1.48] 1.27 [1.10�1
Right 1.24 [1.10�1.52] 1.24 [1.14�1
Left 1.21 [0.99�1.41] 1.26 [1.00�1

Values are the average thickness in millimeters, expressed as the median [in
midaxillary line (Goligher et al. 2015b). Although it is

also recommended that the site of measurement be

marked for repeated measures, these studies fail to

address that in clinical practice, factors that constrain

physical accessibility or that alter diaphragm position

can frequently occur, thus limiting adherence to protocol

recommendations (Goligher et al. 2015b). Simply

assuming continuity of thickness is erroneous, as

reported for the first time in the current study.

In fact, the results of the present study indicate that

diaphragm thickness in the zone of apposition on the

midaxillary line has significant variability in the cranio-

caudal direction. In addition, the study indicates that

craniocaudal variability of thickness on the posterior

axillary and midclavicular lines is even higher, with only

moderate agreement of measurements for both. These

are important findings that have several implications.

First, if diaphragm thickness is measured, the midaxil-

lary line yields the most consistent measurements and as

such should be the preferred site of measurement. Vari-

ability in diaphragm thickness along this axis in the cra-

niocaudal direction is small, but variation in transducer

positioning should nevertheless be minimalized. This

enriches and confirms previous recommendations for

performing measurements on the midaxillary line

(Goligher et al. 2015b). Second, given the previous con-

sideration, it might be beneficial to narrow the recom-

mend area of measurement (8th to 11th intercostal

spaces) to a more specified intercostal range or other

anatomical landmarks. This could improve comparabil-

ity not only between patients, but also between future

studies involving diaphragm ultrasonography. Third,

strictly in terms of variability, if measurements on the

midaxillary line are not feasible, transducer displace-

ment should be considered to a more dorsal rather than a

more ventral position. Nevertheless, measurements in

this area should be performed with caution, as small
iaphragm thickness

Midclavicular p Value

.42] 2.32 [1.97�2.70] <0.01

.43] 2.08 [1.69�2.51] <0.01

.45] 2.36 [2.06�3.08] <0.01

terquartile range].
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craniocaudal deviations on this line are more likely to

affect thickness measurements.

Another key finding is that in terms of absolute aver-

age thickness, statistically significant differences were

found between the three different anatomical lines. Impor-

tantly, although measurements on the midaxillary and pos-

terior axillary lines were comparable, midclavicular

thickness was significantly higher. As follows, it seems that

in a dorsoventral direction, diaphragm thickness increases.

Whether this increase from the midaxillary line onward is

gradual or not was not evaluated in this study. This aspect

should be investigated, as it could provide information on

limits for ventral deviation if necessary. From a clinical

perspective, these findings seem to suggest that if measure-

ments in the midaxillary line are not feasible, the posterior

axillary line could be a second line alternative, with the

aforementioned caveats kept in mind. More ventral meas-

urements, on the other hand, should not be taken as substi-

tution for measurements in the midaxillary line.

Nevertheless, the finding of significantly higher ventral

thickness remains intriguing, as atrophy and loss of func-

tionality could unfold differently in this significantly

thicker location. Future studies should evaluate whether

measurements of the diaphragm in this area could contrib-

ute relevant additional information to measurements in the

midaxillary line.

In terms of absolute thickness, it is also important to

mention that average diaphragm thickness in our study

was lower than previously reported

(Boussuges et al. 2021). This results from the fact that in

our study, muscular thickness was measured between the

peritoneal and pleural lines (Schepens et al. 2015;

Haaksma et al., 2022; Tuinman et al., 2020). In our opin-

ion, the chosen method offers the benefit of being unaf-

fected by pleural or peritoneal irregularities and, as such,

is potentially less variable. Especially in a clinical con-

text, these differences become very important. Consider-

ing a randomly measured diaphragm thickness of

1.3 mm (based on study population), a mere 0.13-mm

difference in a repeated measurement could already be

indicative of atrophy or swing the interpretation from

normal functionality to diaphragm dysfunction

(Goligher et al. 2018).

Taking the above considerations together, it

becomes clear that the diaphragm is a structurally com-

plex muscle with relevant variability in its thickness.

This entails that measurements should be performed

carefully, and that in case of restricted access to the mid-

axillary line, the obtained values should be interpreted

with caution.

Strengths and limitations

This study has several strengths and limitations.

First, the study was performed in healthy volunteers. In
patients, factors such as pulmonary pathology, ascites

and positive pressure ventilation are known to affect dia-

phragm thickness. Whether these factors can also lead to

focal changes is, although unlikely, unknown and should

thus be kept under consideration. Additionally, on aver-

age the volunteers had a relatively low BMI (22.9),

which facilitates easier measurements in comparison to

patients with obesity or subcutaneous edema. Second,

measurements were made offline in a digital imaging

viewer by an experienced operator, which facilitates

more consistent measurements. Although this strength-

ens the reliability of the measurements obtained and con-

clusions drawn, at the bedside in the hands of less

experienced operators, slight differences in true thick-

ness might be more pronounced. Third, the calculated

ICC as surrogate for variability in diaphragm thickness

could potentially be influenced by operator inaccuracies

next to true anatomical variation. However, given the

previously demonstrated almost perfect reproducibility

of thickness measurements, these are likely negligible

(Haaksma et al. 2021a; Shi et al. 2021).

CONCLUSIONS

The diaphragm is a structurally complex muscle.

The lowest variability was found on the midaxillary line.

Average thickness in the posterior axillary and midaxil-

lary lines was comparable, while midaxillary thickness

was significantly higher. Therefore, deviations from the

zone of apposition should be evaluated carefully and,

ideally, be limited.
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