Ultrasound Assessment of Diaphragmatic Motion in Subjects With
ARDS During Transpulmonary Pressure-Guided PEEP Titration
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BACKGROUND: We aimed to investigate the effects of incremental PEEP titration in patients with
ARDS on regional diaphragmatic motion with bedside ultrasound. METHODS: Dorsal diaphrag-
matic excursion (DDE) and ventral diaphragmatic excursion (VDE) were measured using anatomic
M-mode ultrasonography of the right hemidiaphragm as PEEP was randomized to —6, —3, +3,
and +6 cm H,O from baseline to achieve a positive transpulmonary pressure. Inter-operator
variability of DDE was assessed in 10 separate subjects. RESULTS: A total of 14 subjects ventilated
for ARDS were enrolled. Subjects had a mean age of 54 + 12 y, mean P, /F;, = 137 = 54 mm Hg,
and mean sequential organ failure assessment (SOFA) score = 14 = 1). Transpulmonary pressure,
DDE, and DDE/VDE ratio increased with incremental PEEP titration (—1.15 cm H,O vs 3.63 cm H, O,
P < .001; 4.9 mm vs 8.2 mm, P < .001; and 62% vs 93%, P < .001, respectively). When trans-
pulmonary pressure became positive, a visual increase in DDE and DDE/VDE ratio 0.60 to 0.93 was
observed (from 0.48 cm to 0.82 cm, R? = 0.87, P = .02; and R? = 0.93, P = .006, respectively). There
was high agreement in DDE measurements between 2 ultrasonographers (intra-class correlation
0.987, P < .001). CONCLUSIONS: DDE was affected by incremental PEEP titration toward a
positive transpulmonary pressure. The ultrasound assessment using anatomic M-mode allowed for
specific measurement of regional diaphragmatic excursion. This pattern of motion in the dependent
regions of the diaphragm during PEEP titration in subjects with ARDS achieving a positive trans-
pulmonary pressure may reflect a potential target for future studies in the bedside assessment for
lung recruitment. (Clinical Trials.gov registration NCT02463773.) Key words: ARDS; PEEP; critical

care ultrasound. [Respir Care 2020;65(3):314-319. © 2020 Daedalus Enterprises]

Introduction

The classic study by Froese and Bryan' demonstrated
that diaphragm motion is not uniform; rather, it displays
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regional variation in displacement that is dependent on
spontaneous versus passive ventilation, the amount of tidal
volume, and supine versus prone positioning. Specifically,
there is less diaphragm displacement in the dependent re-
gion during passive, low tidal volume ventilation and a
uniform piston-like displacement of the diaphragm at larger
tidal volumes. This pattern of diaphragm movement may
reflect areas of regional tidal volume distribution when
dependent lung zones are atelectatic during passive small
tidal volume ventilation and open during larger spontane-
ous tidal volume ventilation. The normal motion and po-
sition of the diaphragm during positive-pressure ventila-
tion has been described in healthy volunteers, patients with
COPD, and those who are critically ill undergoing a spon-
taneous breathing trial; however, there is no study inves-
tigating diaphragm motion in patients mechanically ven-
tilated for ARDS.

Patients with ARDS have a pattern of heterogeneous
lung injury resulting in high pleural pressure in the depen-
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dent lung regions, which are prone to atelectasis when
end-expiratory alveolar pressure is inadequate.?3 Such
abnormalities could theoretically lead to altered dia-
phragmatic motion. Specifically, the effects of smaller
tidal volume ventilation and the weight of the injured
lung may diminish the passive movement of the dorsal
diaphragm relative to its anterior counterparts during
neuromuscular blockade. If this is correct, this associ-
ation could be a potential target for bedside assessment
for lung recruitment. Therefore, the purpose of this study
was to evaluate the motion of the diaphragm in supine
ventilated patients during neuromuscular blockade for
ARDS and its relationship to incremental PEEP titration
and when transpulmonary pressure becomes positive.
We used bedside ultrasound with anatomic M-mode to
obtain a detailed measurement of the dorsal diaphragm
excursion (DDE) and ventral diaphragm excursion
(VDE) during the study.

Methods

This was a prospective single-center cross-sectional
study conducted in the medical ICU at Hennepin County
Medical Center, an urban, tertiary-care hospital in Minne-
apolis, Minnesota. Written informed consent was obtained
from surrogate decision makers prior to study enrollment.
The human subjects research committee of the local insti-
tutional review board approved the study protocol.

Eligible patients were = 18 y old with a diagnosis of
ARDS according to the Berlin definition.* All subjects
were ventilated with Puritan Bennett 840 ventilators (Co-
vidien, Mansfield, Massachusetts) via volume-controlled
continuous mandatory ventilation. All subjects were se-
dated and paralyzed. Exclusion criteria were any contra-
indication for nasogastric tube placement, pneumothorax
or bronchopleural fistula, solid organ transplant recipient,
known diaphragmatic paralysis, non-conventional mechan-
ical ventilation strategy including prone positioning or ex-
tracorporeal membrane oxygenation, or hemodynamic in-
stability defined as mean arterial pressure < 65 mm Hg
despite vasopressor support. At our institution, we titrate
PEEP to keep static plateau pressures relatively high but
not to exceed 28-30 cm H,O as described by Mercat
et al.> Additionally, use of inhaled epoprostenol is largely
at the discretion of the clinician; in general, inhaled epopro-
stenol is routinely used at the study institution to maintain
Spo, > 90% and Fy5 < 80% after PEEP titration.

The technique we used for ultrasound of the diaphragm
was developed based on previous literature of basic dia-
phragm ultrasound and anatomic M-mode sonography.°-'3
We used a 7.5-MHz phased-array probe (Vivid i, General
Electric, Fairfield, Connecticut) loaded with anatomic M-
mode software. Subjects were laid supine with elevation of
the right arm to obtain an optimal area for image acquisi-
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Current knowledge

Current knowledge of diaphragmatic motion states that
there is regional variation in displacement depending
on active respiratory muscle use, tidal volume, and body
position. Diaphragmatic excursion in patients with
ARDS undergoing mechanical ventilation has not been
previously evaluated.

What this paper contributes to our knowledge

In this study, we observed regional variation in dia-
phragmatic movement during passive ventilation of sub-
jects with ARDS. We demonstrated that dorsal dia-
phragmatic excursion (DDE) improved when PEEP
titration results in a positive transpulmonary pressure.
These results may implicate DDE as a potential target
or surrogate for lung recruitment.

tion. The right diaphragm was selected due to its higher
fidelity in echogenicity with excursion similar to that of
the left diaphragm. We used the mid-axillary line of the
right hemidiaphragm for all measurements due to the op-
timal acoustic window offered by the liver. To obtain the
best image for measurement, the M-mode horizontal sweep
was set to low while reducing the gain until an optimal
waveform was observed for analysis. Once an optimal
image was captured, the first exploration line was placed
perpendicular to the image, then the second exploration
line was used to measure DDE, and a more ventral dia-
phragmatic excursion (VDE) located at the apex. DDE
was measured as the exploration line dissected half-way
between the middle and posterior diaphragm. VDE was
measured as the exploration line dissected the apex of the
diaphragm (Fig. 1).

Esophageal manometry was obtained using an esopha-
geal balloon (CareFusion, Plymouth, Minnesota) inflated
with 1 mL of air and recorded using a standard bedside
transducer. The esophageal balloon was positioned in the
distal third of the esophagus by identifying cardiac oscil-
lations in the pressure waveform. Esophageal pressure trac-
ings were recorded during an end-inspiratory and end-
expiratory hold to obtain static estimates. Transpulmonary
pressure was calculated as the difference between the al-
veolar and esophageal pressures.

We randomized applied PEEP between —6, —3, +3,
and +6 cm H,O from the baseline PEEP prescribed by
the treating clinician. Prior to each PEEP change, we
performed a recruitment maneuver by ventilating for
2 min at 6 cm H,O above the baseline PEEP to stan-
dardize each subject’s lung volume history.!# In sequen-
tial order, we recorded ultrasound images of the right
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A

Diaphragm

Probe

Fig. 1. Technique for measuring diaphragm excursion. A 7.5-MHz
phased-array probe with anatomical M-mode capability was used
for all measurements. A: The probe was positioned in the mid-
axillary line perpendicular to the posterior part of the diaphragm.
B: Target ultrasound window to measure dorsal and ventral ex-
cursion. The initial exploration line (dotted line) was placed per-
pendicular to the image. For dorsal excursion, the second explo-
ration line was angled to intersect halfway between the apex and
the costodiaphragmatic recess (red arrow). For ventral excursion,
the second exploration line was angled toward the apex of the
diaphragm (blue arrow).

diaphragm excursion (ventral and dorsal region), fol-
lowed by esophageal pressure at each PEEP level. We
terminated the protocol in any subject who had a resting
peak airway pressure > 60 cm H,0, S, < 85%, mean
arterial pressure < 60 mm Hg, or a cardiac dysrhythmia
during the study.

Descriptive statistics (mean = SD for continuous vari-
ables; counts and proportions for categorical variables)
were used to summarize subject characteristics and study
measurements. Mixed effect models with a random inter-
cept and slope for each subject were used to assess the
association between PEEP levels and the study measures
(outcomes). Inter-rater reliability was evaluated in 10 sep-
arate patients by 2 ultrasonographers using the intra-class
correlation coefficient derived from a 2-way random ef-
fects model.!> P values of < .05 were considered statisti-
cally significant. All analyses were carried out using SAS
9.3 (SAS Institute, Cary, North Carolina).

Results

A total of 25 patients with ARDS were evaluated for
enrollment during the 6-month study period, and 11 were
excluded. Reasons for exclusion were absence of surrogate
decision maker to give consent (n = 5), non-conventional
mechanical ventilation strategy (n = 5), or de-escalation
of care (n = 1). Therefore, 14 subjects with ARDS were
enrolled in the study, having a mean age of 54 * 12 vy,
mean P, /F;o = 137 * 54 mm Hg, and mean sequential
organ failure assessment (SOFA) score of 14 = 1. Ultra-
sound measurements were obtained in all subjects. There
were no complications during esophageal balloon place-
ment. Clinical and physiological characteristics of study
subjects are summarized in Table 1.
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Table 1.  Demographic and Clinical Features

Male 5(35)
Age, y 54 =12
ICU diagnosis

Pneumonia 11 (80)

Extrapulmonary sepsis 1 (10)

Diffuse alveolar hemorrhage 1 (10)
SOFA score 14 =1
Total ventilator days 55*34
Net fluid on enrollment, mL —-610 £ 1,250
Body mass index, kg/m? 37 +32
Ventilator data

P.o,/Fio,, mm Hg 137 = 54

Fio,. % 70 + 1

Total PEEP, cm H,O 147 =1
Inhaled epoprostenol use 14 (100)
Paralytic use 14 (100)
Baseline lung mechanics
Peak pressure, cm H,O 36 =2
Plateau pressure, cm H,O 29.6 £2.2
Driving pressure, cm H,O 16 =5
V/PBW, mL/Kg 6= 0.1
Respiratory system compliance, mL/cm H,O 285 *3
Chest wall compliance, mL/cm H,0O 176.3 = 38.3
Lung compliance, mL/cm H,O 384 £4.1
Baseline diaphragmatic ultrasound
Ventral excursion, mm 8.7 0.1
Dorsal excursion, mm 49 +0.1
Dorsal/ventral ratio 0.62 = 0.1

Data are presented as n (%) or mean = SD. N = 14 subjects.
SOFA = sequential organ failure score

PBW = predicted body weight

Vr = tidal volume

All subjects received a tidal volume of 6 mL/kg pre-
dicted body weight (mean driving pressure = 16 =
5 cm H,0). Chest wall compliance was a negligible factor
to the total decrease in respiratory system compliance (see
Table 1). Baseline DDE, VDE, and DDE/VDE (ie, DE
ratio)were 4.9 £ 0.1 mm, 8.7 £ 0.1 mm, and 0.62 + 0.01%,
respectively. There was high agreement with DDE mea-
surements between 2 ultrasonographers (intraclass corre-
lation 0.987, 95% CI 0.95-0.99, P < .001).

A mixed effect model for each subject was analyzed
to evaluate the association between PEEP titration and
dependent variables, namely transpulmonary pressure,
DDE, VDE and DE ratio (Fig. 2 and 3). The baseline
transpulmonary pressure, DDE, and DE ratio signifi-
cantly increased with incremental PEEP titration (—1.15
vs 3.63 cm H,O, P < .001; 4.9 vs 8.2 mm, P < .001;
62% vs 93%, P < .001; respectively), while VDE re-
mained relatively unchanged despite increasing PEEP
(8.7 vs 9.0 mm, P = .07). One subject had a decrease in
DDE and increase in VDE with PEEP escalation (0.98 cm
to 0.67 cm and 1.15 to 1.53 cm; respectively).
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Fig. 2. A mixed effect model for each subject was used to estimate the association between PEEP and A: transpulmonary pressure
(b =0.78,95% CI 0.67-0.90, P < .001), B: dorsal diaphragm excursion (b = 0.33, 95% CIl 0.24-0.43, P < .001), C: ventral diaphragm
excursion (b = —0.07, 95% Cl —0.28-0.13, P = .45), and D: diaphragm excursion ratio (b = 0.03, 95% CI 0.02-0.05, P < .001).

Fig. 3. Two-dimensional anatomic M-mode image and measurement of dorsal diaphragm excursion with applied PEEP of A: 15 cm H,O
and B: 24 cm H,0. There was an increase in dorsal diaphragm excursion from 0.48 cm to 0.95 cm between A and B, respectively. This
corresponded with an improvement in transpulmonary pressure from —2.9 cm H,O to 5.7 cm H,0, respectively.

The baseline PEEP at study enrollment was 14.7 = 1
cm H,O. PEEP titration of +3 to +6 cm H,O above
baseline (Figs. 3 and 4) corresponded with a transition to

a positive transpulmonary pressure (—1.15 cm H,O vs
3.63 cm H,0, 95% CI0.67-0.9, P < .001). At this tran-
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sition, there was an increase in dorsal diaphragm move-
ment from 4.9 mm to 8.2 mm (R? = 0.87, P = .02) and in
DE ratio from 0.62 to 0.93 (R* = 0.93, P = .006). The
ventral diaphragm did not show any appreciable correla-
tion with transpulmonary pressure (R* = 0.07, P = .67).
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Fig. 4. Mean transpulmonary pressure, dorsal diaphragm excursion, and ventral diaphragm excursion in 14 subjects with ARDS plotted
against PEEP stages. Increasing PEEP in subjects with fixed tidal volume resulted in a corresponding increase in transpulmonary pressure
and DDE, with no change in VDE. P, = transpulmonary pressure; DDE = dorsal diaphragm excursion; VDE = ventral diaphragm excursion.

Discussion

The mechanism comprising regional diaphragmatic mo-
tion is multifaceted, yet it is ultimately affected by hori-
zontal and vertical pressure gradients (ie, abdominal and
mediastinal/lung pressure, respectively), active respiratory
muscle contraction and compliance of the chest wall. In
healthy, supine, spontaneously ventilated subjects, the verti-
cal pressure gradient and chest wall compliance are normal;
therefore, the diaphragmatic motion is dependent largely on
the hydrostatic abdominal pressure gradient.' !¢ In these sub-
jects, the shape of the human diaphragm (ie, the curved,
stretched dorsal diaphragm along with its crural and costal
muscle segments) allow for contraction that overcomes the
horizontal hydrostatic pressures in the abdomen. Thus, the
dorsal diaphragm exhibits greater excursion than its anterior
counterparts. During administration of neuromuscular block-
ade, regional excursion is determined by two opposing forc-
es: a uniform force applied to the airway during mechanical
ventilation and the non-uniform horizontal hydrostatic pres-
sure gradient assumed by the abdominal contents. In patients
with ARDS, the weight of the injured lung and mediastinal
components result in a higher vertical pressure gradient as
compared to healthy patients, which may amplify the effect
on regional diaphragmatic motion. Specifically, the smallest
diaphragmatic excursion would occur where the transdia-
phragmatic pressure gradient is at its lowest, particularly at
the dependent regions of the diaphragm. However, uniform
force applied during mechanical ventilation may overcome
these pressure gradients; theoretically then, we may observe
an improvement in excursion of the dependent region of the
diaphragm.

In patients with ARDS, the pleural pressure surrounding
the lung is elevated due to the hydrostatic pressure exerted
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by the injured lung, mediastinum, and abdominal con-
tents.>16-20 Previous studies in patients with ARDS re-
ported that pleural pressure is greatest in the dependent
lung regions, which are prone to atelectasis when end-
expiratory alveolar pressure (ie, PEEP) is inadequate. One
emerging strategy to determine PEEP insufficiency is to
measure end-expiratory transpulmonary pressure, which,
when positive, is suggestive of an alveolar pressure that
exceeds pleural pressure and results in alveolar patency in
the dependent lung regions.®” For that reason, close ex-
amination of dorsal diaphragm motion in patients with
ARDS when transpulmonary pressure becomes positive
may represent a unique opportunity to estimate the recruit-
ing effects of PEEP and provide a direct bedside assess-
ment with ultrasound (Figs. 3 and 4).

In this study, we observed regional variation in excur-
sion between the dorsal and ventral diaphragm during pas-
sive tidal ventilation (4.9 = 0.1 mm vs 8.7 = 0.1 mm;
respectively). After transpulmonary pressure—guided lung
recruitment, we observed a measurable improvement in
the dorsal diaphragm excursion (4.9 mm to 8.2 mm,
R? = 0.87, P = .02). Comparatively, the work by Froese
and Bryan! reinforces this concept, whereby the increased
vertical pressure gradient in subjects with ARDS contrib-
ute to smaller excursion in the dependent diaphragm, which
can be shown to improve with PEEP. This phenomenon
illustrates the direct effect of PEEP in providing a more
uniform distribution of ventilator-driven gas, in particular
toward the dependent regions of the lung as illustrated by
a positive transpulmonary pressure. Previously, diaphrag-
matic motion has largely been studied in healthy volun-
teers, COPD, and subjects undergoing spontaneous breath-
ing trials; however, to our knowledge this is the first study
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to describe regional diaphragmatic motion in subjects me-
chanically ventilated for ARDS.

Thoracic ultrasound by intensivists is increasingly be-
coming a valuable diagnostic tool in the assessment of
critically ill patients.® Previous imaging modalities in as-
sessing diaphragmatic motion are limited by a lack of
portability and direct quantitative movement, as well as by
risk from ionizing radiation. M-mode ultrasonography al-
lows continuous recording of motion in real time, and
therefore is an ideal technique to assess the amplitude,
duration, and velocity of diaphragm displacement at the
bedside. In addition, we recommend using the anatomic
M-mode to measure regional diaphragm movement be-
cause it allows for a precise secondary exploration line to
cut the diaphragm at the dorsal location. This software is
not standard in most ultrasound machines, but, to our knowl-
edge, it can be equipped in most ventilator models made
by other manufacturers. As observed in this study, bedside
ultrasound can be easily coupled with other techniques,
such as airway pressure measurements, for comparative
physiological studies. Overall, bedside sonography proved
to be a simple, well tolerated, and reproducible method of
assessing hemidiaphragmatic movement between the 2 ul-
trasonographers in this study.

This study has several limitations. Our findings are based
on a single-center experience with skilled physician-ultra-
sonographers and describes a novel technique and obser-
vations that necessitate prospective validation prior to clin-
ical application. Our ultrasound measurements were
performed during dynamic conditions, whereas transpul-
monary pressure measurements were made during static
conditions; this is a potential source of bias. To minimize
these confounders, we randomized PEEP and blinded the
ultrasonographers to the esophageal pressure and there-
fore the transpulmonary pressure. Despite these limita-
tions, we feel that our findings are noteworthy in providing
a novel technique with a potential application to guide
PEEP therapy in ARDS.

Conclusions

The results of this exploratory study suggest that re-
gional variation in diaphragmatic movement occurs in pa-
tients ventilated for ARDS during neuromuscular block-
ade. Additionally, we report a direct relationship between
dorsal diaphragm movement and transpulmonary pressure—
guided lung recruitment. We have provided a detailed de-
scription for the bedside use of ultrasound to measure
regional differences in diaphragm excursion using ana-
tomic M-mode. Distinctively, this is the first study to as-
sess the diaphragm motion in subjects with ARDS using
bedside ultrasonography. The implications of our findings
for future research is the application of this concept to
guide PEEP therapy in patients with ARDS.
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