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Abstract

Background: The evaluation of patient effort is pivotal during pressure support ventilation, but a non-invasive, con-
tinuous, quantitative method to assess patient inspiratory effort is still lacking. We hypothesized that the concavity of
the inspiratory flow-time waveform could be useful to estimate patient’s inspiratory effort. The purpose of this study
was to assess whether the shape of the inspiratory flow, as quantified by a numeric indicator, could be associated with
inspiratory effort during pressure support ventilation.

Methods: Twenty-four patients in pressure support ventilation were enrolled. A mathematical relationship describ-
ing the decay pattern of the inspiratory flow profile was developed. The parameter hypothesized to estimate effort
was named Flow Index. Esophageal pressure, airway pressure, airflow, and volume waveforms were recorded at three
support levels (maximum, minimum and baseline). The association between Flow Index and reference measures of
patient effort (pressure time product and pressure generated by respiratory muscles) was evaluated using linear
mixed effects models adjusted for tidal volume, respiratory rate and respiratory rate/tidal volume.

Results: flow Index was different at the three pressure support levels and all group comparisons were statistically
significant. In all tested models, Flow Index was independently associated with patient effort (p <0.001). Flow Index
prediction of inspiratory effort agreed with esophageal pressure-based methods.

Conclusions: flow Index is associated with patient inspiratory effort during pressure support ventilation, and may
provide potentially useful information for setting inspiratory support and monitoring patient-ventilator interactions.

Keywords: Artificial respiration, Positive-pressure respiration, Intensive care units, Patient-ventilator interaction,
Inspiratory effort

Background

During pressure support ventilation (PSV), assessing

patient inspiratory effort could allow the titration of res-

piratory assistance in order to minimize over- and under-
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" Department of Anesthesia and Intensive Care, Fondazione vigorous spontaneous effort may generate excessive dia-

Poliambulanza, Brescia, Italy h ic loadi d le inj 1 . |
Full list of author information is available at the end of the article phragmatic loading and muscle injury, as well as regiona

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



http://orcid.org/0000-0002-3341-5793
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13054-021-03624-3&domain=pdf

Albani et al. Crit Care (2021) 25:196

lung injury due to stress and strain [4-7]. Over-assis-
tance, on the other hand, may lead to pulmonary hyper-
inflation and diaphragmatic atrophy and dysfunction,
thus impairing weaning and prolonging the dependency
from mechanical ventilation [1, 2, 8, 9]. Independently
from the appropriateness of inspiratory assistance, the
patient’s neuro-ventilatory drive and hence the breath-
ing effort may unpredictably vary over time due to pain,
anxiety, delirium, sepsis, sedation or other pathological
conditions [10].

Despite its perceived importance, however, the inspira-
tory effort is seldom monitored [11]. Qualitative clinical
surrogates to infer patient effort include respiratory rate
(RR), tidal volume (V7y), rapid shallow breathing index
(RSBI, calculated as respiratory rate over tidal volume)
and the use of accessory muscles [3, 12, 13]. Esophageal
pressure measurement is the reference technique used
to quantify inspiratory effort, but it requires technical
proficiency and the insertion of an esophageal catheter
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[14, 15]. Other methods include monitoring of the dia-
phragm’s electrical activity and ultrasound assessment of
inspiratory diaphragmatic displacement and thickness.
Both are associated with drawbacks, such as availability,
costs, non-continuous monitoring and operator-depend-
ency [16].

During PSV, the inspiratory portion of the flow-time
waveform may provide important information regard-
ing patient effort. Deviations of inspiratory flow from the
exponential decay pattern that is typical of the passive
patient ventilated in pressumetric ventilation, suggest
that the patient is active during inspiration [17, 18], as
shown in Fig. 1. However, to our knowledge, the quan-
titative relationship between the inspiratory flow-time
waveform and the inspiratory effort at the bedside has
not been formally evaluated. In this study, we hypoth-
esized that, during PSV, the concavity of the inspiratory
flow-time waveform can be quantified by a numeric indi-
cator, named Flow Index, similarly to the Stress Index on
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Fig. 1 Physiologic rationale behind the use of the inspiratory flow curve to detect patient inspiratory effort. The upper panels show the pressure—
time curve of airway pressure (P, full line), esophageal pressure (P, dotted line) and alveolar pressure (P,,, dashed line) during pressure support
ventilation. The lower panels show the flow-time curve during pressure support ventilation. Left Panels: In absence of patient inspiratory effort,
the inspiratory flow is maximal at the beginning of inspiration and the pressure gradient between the airway opening and the alveoli (area with
diagonal lines) is progressively reduced. Thus, the inspiratory flow parallels the exponential decay of the airway opening-alveoli pressure difference.
Right Panels: In presence of patient inspiratory effort, the fall in pleural pressure reduces alveolar pressure. The greater the inspiratory effort,

the more the airway-alveolar pressure gradient is sustained (area with diagonal lines). The inspiratory flow curve moves further away from the
exponential decay towards a downward concavity shape, proportionally to the level of activation of inspiratory muscles
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airway opening pressure [19]. Aim of our study was to
assess if Flow Index was associated with patient inspira-
tory effort during PSV.

Methods
Patients
This study was conducted in the Intensive Care Unit
(ICU) of Fondazione Poliambulanza, Brescia, Italy.
Patients were included if they met all of the following
criteria: age > 18 years, dependence on invasive mechani-
cal ventilation (i.e. not ready to wean or having failed
a spontaneous breathing trial on the day of the study
[20]), being in PSV, having an esophageal balloon cath-
eter already in place. Exclusion criteria were: mean
arterial pressure <60 mmHg, systolic arterial pressure
>180 mmHg, heart rate<40/min or >150/min, PaO,/
FIO0,<150 mmHg, pH<7.35 with PaCO,>45 mmHg,
diagnosis of head injury, intracranial hemorrhage or cer-
ebral ischemia.

The protocol was approved by the local ethical commit-
tee (Comitato Etico della Provincia di Brescia). Written
informed consent was obtained from the patient or, if the

patients themselves were not competent, from their next
of kin.

Study protocol

The pressure support (PS) level at patient enrollment
was defined as baseline PS (PS,..). In order to explore
a wide range of PS assistance, maximal and minimal PS
(PS,,x and PS_ ., respectively) were titrated. The PS, .,
was sought by progressively increasing the PS level until
all signs of inspiratory muscle activity disappeared after
inspiratory triggering, as assessed by visual inspection of
the waveform of esophageal pressure (P,,), airway open-
ing pressure (P,,) and airflow. In order to avoid lung
injury, the peak airway pressure was limited to a maxi-
mum of 30 ¢cmH,O, regardless of achieving complete
absence of inspiratory muscle activity. The PS_;, was
identified as the lowest PS level without dyspnea, keep-
ing the RSBI<100 min~* 17!, Apart from the PS level,
all the remaining ventilation variables (FIO,, inspiratory
trigger, expiratory trigger) remained constant, as pre-
viously set by the attending physician. PS, ., PS,,;, and
PS, . were delivered in random order to every patient for
20 min each. PS levels were applied without interruption,
and the recordings were obtained after letting the patient
adapt for 20 min to each new PS level.

Measurements and calculations

Pes was measured by an esophageal balloon catheter
(Marquat Gbm, Boissy-St-Léger Cedex, France) con-
nected to a pressure transducer (AS3/CS3; Datex-
Engstrom Division, Instrumentarium Corp., Helsinki,
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Finland). The esophageal balloon was introduced 40 cm
from the nostril and inflated with 1 ml of air. The occlu-
sion test was used to assess if the P, was appropriately
transduced [21, 22]. The position of the balloon in the
esophagus and its filling volume were modified, if neces-
sary, so as to obtain a ratio between P, and P, swings
ranging between 0.8 and 1.2 during the occlusion [23,
24].

P,,» airflow, volume and P, waveforms were recorded
for each PS level for 5 min at the sampling rate of 100 Hz
(Datex-Ohmeda S/5 Collect; Datex-Ohmeda Division,
Instrumentarium Corp., Helsinki, Finland). Mean tidal
volume (V) and respiratory rate (RR) were also obtained
for each patient at the 3 levels of PS. The RSBI was calcu-
lated as RR/Vy.

All measurements were obtained from the longest por-
tion of the esophageal pressure waveform without swal-
lowing artifacts (detected by a transient, sudden increase
on the pressure trace), recorded at the end of the 20 min
at each PS level.

The onset of inspiration was identified by the first posi-
tive value in the flow recording, while the end of inspi-
ration was identified by the last positive value of the
inspiratory flow. The static recoil pressure of the chest
wall (P_,) was calculated as the product of the inspired
Vr and the measured chest wall elastance (E_,). E,, was
calculated as the ratio between the inspiratory change in
P, [end-inspiratory plateau esophageal pressure (P ;)
minus end-expiratory plateau esophageal pressure
(Pexp,es)] and Vi obtained during PS,,,,, i.e. in a condition
of near relaxation.

The pressure generated by inspiratory muscles (P, ..
was calculated as the maximal difference between P, and
P, (Fig. 2). The Pressure—Time Product of a single breath
(PTPp brearn) Was calculated as the area between P, and
P, during tidal inspiration (Fig. 2). Similarly, the PTP of
the mechanical ventilator for each breath (PTP . 1, eqtn)
was obtained as the area between the P, and the set
PEEP during inspiration. The total PTP (PTPy, preqrn) Was
the sum of PTPj,con and PTP, 1 con- The fraction of
PTP generated by the patient during pressure support

ventilation (PTP ., 1,reqrn) Was calculated as follows:

PTPratio,breath = PTPpt,breath/ PTPtot,breath (1)

The Flow Index

The portion of the inspiratory flow-time waveform
included between the end of the ramp and before the
expiratory trigger was used to calculate the Flow Index
(Fig. 3). A non-linear model, described by Eq. 2, was fit-
ted to this portion of the flow waveform for every breath
analyzed.
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Fig. 2 Airway pressure (P,,,), esophageal pressure (P,) and airflow
curves from a study participant. Upper panel: airway pressure (P,,)
curve. The inspiratory phase is identified by dashed vertical lines,
while the Pressure Time Product of the ventilator (PTP, ) is identified
by the blue area, that is calculated as the product of inspiratory
pressure (P,,, minus positive end expiratory pressure) for the duration
of inspiration. Middle panel: esophageal pressure (P,,) curve. The
chest wall elastic recoil pressure (P.,,) is identified by a dot-dashed
line, while the Pressure Time Product of the patient (PTP; presn) is
identified by the red area calculated as the product of P, minus P,
for the duration of inspiration. The maximum pressure generated by
respiratory muscles (P is identified by the arrow. Lower panel:
inspiratory flow trace

musc)

V=a+Db- A time° (2)

In this model, the inspiratory flow (V) is a function of
time, of peak flow (A), of the rate of flow reduction (b)
and of parameter ¢, which describes the downward fac-
ing concavity of the portion of the inspiratory flow wave-
form. The parameter ¢, calculated for every breath, was
named Flow Index. The inspiratory flow waveform was
automatically cut at two different points, in order to
select its descending portion and estimate the param-
eter ¢ or Flow Index (Fig. 3). The initial cut point was
selected by excluding all the measurements in which the
flow increased more than 1% of the preceding measure-
ment, meaning that flow trace quickly increased towards
its peak with the rate of increase depending on the ramp.
The final cut point was identified as the point where the
measured flow decreased more than 10% of the preced-
ing measurement, indicating the beginning of the cycling
toward expiration. The portion of the flow trace between
the initial and the final cut point was used to estimate the
Flow Index by fitting a non-linear model, as described by
Eq. 2.

The Flow Index describes the concavity of the curve
using the same equation that computes the well-
known Stress Index, a visual and quantitative param-
eter of overdistension detectable from the inspiratory
airway opening pressure profile during constant-flow
controlled mechanical ventilation [19, 25, 26]. The
Flow Index is equal to 1 when the inspiratory flow
decreases linearly. If the waveform has an upward
facing concavity, the Flow Index is <1, whereas if
the curve has a downward facing concavity, the Flow
Index is >1. The principle supporting visual inspec-
tion of the inspiratory decay of the airflow waveform
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Fig. 3 Procedure used to calculate Flow Index from the descending inspiratory portion of the flow waveform. Flow waveforms at the three different
pressure support levels. The grey circles indicate the sampled inspiratory flow values, while the vertical lines indicate the cutting points used to
select the descending inspiratory portion of the flow waveform. The red line shows the fitted model, calculated using Eq. 2 (detailed explanation in
text). PS,i, = minimum pressure support, PSy,... = baseline pressure support, PS,,, = maximum pressure support

to estimate patient effort has been previously sug-
gested [17, 18]. The Flow Index rationale arises from
the analysis of the inspiratory flow during presso-
metric mechanical ventilation in the passive patient,
which is characterized by constant pressure applied to
the airway opening throughout the entire inspiratory
time. The inspiratory flow is driven by the difference
of pressure between the airway opening and alveoli,
which is maximal at the beginning of inspiration when
the alveoli have their minimal pressure (Fig. 1). Thus,
in absence of patient inspiratory effort, the inspira-
tory flow is maximal at the beginning of inspiration.
If a patient remains passive throughout the inspira-
tion, alveolar pressure exponentially increases as the
volume fills the alveoli, proportional to the elastance
of the respiratory system. This progressively decreases
the pressure gradient between the airway opening
and the alveoli, and inspiratory airflow parallels the
exponential decay of the opening airway-alveoli pres-
sure difference. When a patient activates the inspira-
tory muscles during the inspiratory phase, the fall in
pleural pressure tends to increase the chest wall and
lung volume, decreasing the alveolar pressure. Thus,
the greater the inspiratory effort, the more the gra-
dient between airway opening and alveolar pres-
sure will be sustained. This mechanism increases the
instantaneous inspiratory flow as compared to the

passive condition and modifies its shape profile, from
an exponential decay towards a downward concav-
ity (Fig. 1). We hypothesized that these changes in
the inspiratory waveform profile, as quantified by the
Flow Index, would be proportional to the activation
of the inspiratory muscles and thus useful to quantify
patient inspiratory effort.

Outcomes
The primary outcome was the association between the
Flow Index and patient respiratory effort, as expressed by
PTPpt,breath' PTPratio,breath and P

musc*

Statistical analysis

We planned to assess sample size after enrolling the
first 20 patients. A power analysis was carried out using
Montecarlo simulation, employing a linear mixed model
with a random effect for each patient. Enrolling 24
patients would grant a power of 85% with alpha=0.05
to detect an effect size of 0.10 cmH,0-s™! increment in
PTP ¢ breatn fOr €ach unitary increase in Flow Indezx.

Data are shown as meanz=tstandard deviation,
median (1st-3rd quartile) or frequency (percentage),
as appropriate. Variables at the three levels of support
were compared with analysis of variance (ANOVA) for
repeated measure and post-hoc Tukey’s honestly signif-
icant difference (HSD) test.
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Table 1 Patients' characteristics

Age (years) 74497
Female, n (%) 6 (25)
Body Mass Index (kg m~?) 26.7+67
Height (cm) 168+£86
Days on mechanical ventilation at enrollment 9 (3-21)
Patients with tracheostomy on study day, n (%) 7(30)
PEEP (cmH,0) 6+1
FIO, 044008
pH 746+0.04
PaCO, (mmHg) 3845
PaO, (mmHg) 88+£25
Hospital mortality, n (%) 4 (16%)
Length of stay in Intensive Care Unit (days) 25 (15-35)
Diagnosis
ARDS 12 (50%)
COPD exacerbation 5(21%)
Sepsis 10 (42%)
Trauma 3(13%)

Data are shown as mean (standard deviation) or count (%). Measurements were
taken at the time of patient enrollment

PEEP positive end expiratory pressure, ARDS acute respiratory distress syndrome,
COPD chronic obstructive pulmonary disease

Table 2 Inspiratory effort and breathing pattern at PS
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effects. These models were compared with a likelihood
ratio test to a model including Flow Index, to assess if
Flow Index improved the goodness of fit [27]. Marginal
R? and conditional R* were computed, expressing the
amount of variance in the dependent variable which
could be explained by the mixed models, respectively
excluding and including the variance explained by the
random effect in the models [28].

In order to explore the association between Flow
index and the PTP .., for every single patient, we
estimated 24 linear models, one for each patient (see
Additional file 1: Fig. S1).

A p value lower than 0.05 was considered significant.
Statistical analyses were performed with R (R Core
Team, 2018. R Foundation for Statistical Computing,
Vienna, Austria) with packages “lme4” (version 1.1-21),
“multcomp” (version 1.4-11).

Results

A total of 24 patients were included in the study. Patients’
characteristics are shown in Table 1. Breathing pattern,
levels of inspiratory effort and Flow Index at the three
levels of PS are shown in Table 2. The increase in PS level
was associated with higher V| and lower RR, with similar

PSpase and PS 1y

min’

PS min PSpase PS hax P value
Set pressure support level (cmH,0) 441 10+3 1845 <0.001
Tidal volume (ml) 440+£132 511+£146 671£217 <0.001
Tidal volume/IBW (ml kg_]) 6.6 (1.7) 79019 10.5 (24) <0.001
Respiratory rate (min™" 31+10 26+10 20+6 <0.001
RSBI 78+£36 58+£31 34+£19 <0.001
Minute ventilation (| min™") 116140 11.7+43 11.7+39 0.98
PTP gt minute (€MH,0°s min™") 83493 3249 8426 <0001
PTP gt preacn (CMH,0-s) 4.0(2.9) 23(2.2) 09(14) <0.001
PTP stiobreath 076403 0294028 0.06+0.09 <0001
Pousc (cMH,0) 7.5 (4.4) 43(36) 19(26) <0001
Flow Index 46+33 33425 19+13 <0.001

All pairwise comparisons between the three PS levels were significant (p <0.05), except for minute ventilation

PS.in=minimal pressure support, PS, .. =baseline pressure support, PS ., = maximal pressure support, RSBl=Rapid Shallow Breathing Index obtained by the ratio
of respiratory rate and Vy, PTP; in e = Pressure-time product for the patient in one minute, PTP .., = Pressure-time product for the patient in a single breath,
PTP tio breath = PTPpl,brealh/(PTPpL breath T PTPyent, breath) Pmusc = Pressure generated by respiratory muscles

Flow Index was compared in the different quartiles of
inspiratory effort estimates (PTP,preay PTPratio breath
and P ) with ANOVA for repeated measures and
post-hoc Tukey’s HSD test.

Linear mixed effects models were used to assess
the association between Flow Index and PTP, p .
PTP 40 breath @aNd Py both unadjusted and adjusted
for RR and Vi, with patients managed as random

minute ventilation. The level of inspiratory effort signifi-
cantly decreased by raising PS levels.

Association between Flow Index and inspiratory effort

Flow Index was different at the three PS levels and all
group comparisons were statistically significant at the
post hoc analysis (PSy,, vs. PS_;, p=0.005 PSi,. vs.
PS, .« 2 <0.001; PS . vs. PS . p<0.001). Figure 4 shows,

max
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Table 3 Flow Index coefficient of unadjusted and adjusted linear mixed effects models
Flow Index coefficient (95% Cl) P value Flow Index coefficient (95% Cl) adjusted P value
for RRand V;
PTP a0, breath 003 (0.03,0.04) <0.00071 003 (0.03,0.04) <0.0001
PTP ¢ breath 0.19(0.13,0.25) <0.0001 023(0.17,029) <0.0001
p 0.34(0.24,043) <0.0001 0.33(0.23042) <0.0001

musc

RR=respiratory rate, Vy=tidal volume, PTP,; . ..¢, = Pressure-time product for the patient in the single breath, PTP g preath = PTPpt breath/ (PTPpt, breath + PTPuent, breath)s

Prmusc = Pressure generated by respiratory muscles

on the left side, the boxplots of Flow Index at differ-
ent quartiles of PTP,p oty PTP aiopreath a0d Proyse- All
the comparisons were statistically significant (p<0.01),
except for those between the first and second quartile.
On the right side, Fig. 4 shows the scatter plots of Flow
Index-predicted against measured PTPy .. PTP 0 breath
and P ... Table 3 shows the coefficients of association
resulting from the linear effects models between Flow
Index and PTPpeathy PTP qtiobreathy Pruse DOth unad-
justed and adjusted for RR and V.

Moreover, in 22 out of 24 patients there was a posi-
tive and statistically significant association between Flow
Index and the PTP .. for every single patient (see
Additional file 1: Fig. S1).

Comparison between models

The model fit significantly improved when the Flow Index
was added to RR and V1 (p value for the likelihood ratio
test <0.001 for PTP ¢ preathy PTP atiopreath a0 Pryysc); indi-
cating that the Flow Index improved the inspiratory effort
prediction.

The model for P_ . estimated an increase of 0.33
(95% CI 0.23, 0.42) cmH,0O for each unitary increase in
Flow Index (conditional R? 0.77), the estimated increase
in PTP . peqn Was 0.23 (95% CI 0.17-0.29) cmH,0-s7!
for each unitary increase in Flow Index (conditional R?
0.7), while each unitary increase in Flow Index was asso-
ciated with an increase of 3.2% (95% CI 2.5-3.9%) in
PTP, 0 breath (conditional R* 0.86).

Discussion

This study shows that Flow Index is independently asso-
ciated with patient inspiratory effort and can give infor-
mation on patient-ventilator interaction and on the
distribution of respiratory effort between patient and
ventilator.

We found that the Flow Index gives more insight on
patient effort than the traditional analysis of the res-
piratory pattern based on the evaluation of RR and V.
This is a remarkable result since in clinical practice the
inspiratory effort is seldom measured, and RR and V|
are deemed as useful surrogates for setting the PSV level
[29]. Indeed, PSV level is usually titrated to obtain a VT

between 5 and 8 ml/kg predicted body weight (PBW)
and a RR between 20 and 30 breaths/min [6, 10]. The
RSBI [13], which, by expressing an imbalance between
load and effort, could be deemed as a sign of inadequate
inspiratory support was not taken into account in the pri-
mary analysis since our model included both RR and V.
Nonetheless, we performed an unplanned post hoc sup-
plementary analysis evaluating the association between
Flow Index and RSBI. The results are similar to the ones
we obtained for RR and VT.

The analysis of the respiratory waveforms is an essen-
tial bedside activity for intensivists but, to our knowl-
edge, this is the first attempt to assess patient inspiratory
effort based on the quantitative analysis of the inspiratory
flow-time waveform, since all available evaluations of
patient inspiratory effort are focused on the inspection of
the pressure curve.

In this study the association between Flow Index and
respiratory effort was assessed in a wide range of inspira-
tory efforts, as witnessed by the fact PT,; jreqen and Ppyq
were 400% higher at PS_; than at PS_ .. Since measuring
the Flow Index is relatively simple, continuous and non-
invasive, we suggest that this parameter could be suitable
to titrate and monitor patient-ventilator interactions dur-
ing PSV. However, this was a physiological study and fur-
ther studies are needed to evaluate if the setting of PSV
according to the Flow Index or monitoring the inspira-
tory effort during PSV over time could have an impact on
clinically meaningful outcome parameters.

Since Flow Index is measured on a single breath, it
was gauged against other single breath indicators of
patient effort (PT ,; preath Prnusc @1d PT 10 prearn)- Theoreti-
cally the best association with Flow Index could be with
PT tiobreatty Since the latter depends on the interaction
between support from the ventilator and patient effort.
Nonetheless, our data show a strong association between
Flow Index, PT i reqen and Py Accordingly, the Flow
Index may be taken as a surrogate of the absolute patient
inspiratory effort, as expressed with P, or PTp 1 coh-

Several invasive and non-invasive estimates of patient
effort were proposed in recent decades [3]. The pressure
muscle index (PMI) and the least square fitting method
(LSF) were among the first ones that were advanced.
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These techniques, however, required intermittent inspir-
atory occlusions or complex calculations, respectively,
and their accuracy in evaluating single breath inspiratory
effort was scarcely accurate [30—32]. Of note, PMI evalu-
ates end-inspiratory effort only and not the overall effort
during inspiration, since it does not take into account the
inspiratory resistive load. A recent study showed a sig-
nificant association between the negative swing in P,
generated by respiratory muscle effort during assisted
ventilation when the airway is briefly occluded (P,) and
patient inspiratory effort. Though this method is of inter-
est, a manual occlusion is needed and P could not pro-
vide continuous monitoring of patient inspiratory effort
[11]. The assessment of diaphragmatic electrical activity
(Edi) is an accurate measure of neuro-ventilatory drive,
and P may be estimated through the calculation of
neuromuscular efficiency, obtained by comparing Edi
and P, during an end-expiratory airway occlusion, or
through the calculation of neuro-ventilatory efficiency,
obtained by comparing Edi and Vi [10, 33, 34]. How-
ever, measuring Edi is costly, requires the insertion of a
patent-protected nasogastric catheter which functions
only with specific mechanical ventilators and, finally, a
manual occlusion is required to calculate neuromuscular
efficiency [33]. Moreover, during inspiratory effort the
contribution of diaphragm and other inspiratory muscles
may vary, since a great variability in diaphragm contri-
bution to inspiration exists (as can be seen, for example,
between male and female patients [34—36]). Edi allows
detection of the diaphragm contribution exclusively, and
therefore it can lead to loss of important information for
patients in whom the diaphragm contribution is low [33].
Diaphragm ultrasound has also been proposed as a tool
to estimate patient effort, but it remains a punctual meas-
ure, dependent on the operator’s technical ability and
heavily influenced by the degree of diaphragm dysfunc-
tion [37, 38].

Strengths of the Flow Index are its non-invasiveness,
the possibility to monitor it continuously and the inde-
pendence from occlusion maneuvers which is particu-
larly advantageous since not all mechanical ventilators
permit a manual expiratory occlusion during PSV [39,
40]. Since the flow waveform is displayed on the majority
of mechanical ventilators, visual inspection of Flow Index
by trained physicians could also give valuable informa-
tion, albeit only qualitative, on inspiratory effort. More
studies are needed to know if visual inspection of the flow
waveform is sufficient to assess Flow Index, but since the
Stress Index uses a similar equation and its visual inspec-
tion has been proved to be effective [25], the same may
be applicable to Flow Index. Of note, the Flow Index algo-
rithm could be easily implemented on standard monitor-
ing, as has been done for the Stress Index [19], permitting
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a quantitative evaluation of patient effort during mechan-
ical ventilation.

This study presents four main limitations. First, it is
a single center study, and therefore its external validity
needs to be proved by additional studies. Second, some
portions of the inspiratory effort are not included in the
calculation of Flow Index, since they occur before the
peak inspiratory flow is reached. Despite this poten-
tial limitation, the Flow Index shows a good associa-
tion with the post-triggering inspiratory effort. This
could be due to the fact that the rise time usually lasts
a really short time (less than 100 ms), and therefore has
little impact on the patient’s overall inspiratory effort.
Third, the Flow Index should be specifically assessed
in patients with a high resistive load, in which a high
respiratory effort may not correspond to a proportional
increase in inspiratory flow. Of note, the Flow Index
does not account for patient effort before the inspira-
tory flow, which should be considered in patients with
severe dynamic hyperinflation. Fourth, our study does
not give any cutoffs useful to detect high or low inspira-
tory effort, and further studies should assess this rel-
evant aspect.

Conclusions

Flow Index is a novel quantitative, continuous, non-
invasive evaluation of the concavity of the inspiratory
flow profile. Our study show that the Flow Index is
associated with patient inspiratory effort during PSV
and that it gives additional information when compared
to the variables traditionally used for inspiratory effort
evaluation during pressure support ventilation (i.e. Vo,
RR and RSBI). Additional research is needed to evalu-
ate the potential impact of assessing the Flow Index
on patient-ventilator interaction and weaning from
mechanical ventilation.
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