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Abstract
Background: Physicians have been utilizing respiratory status and arterial blood gases measurements of
the patient for determining the need of noninvasive ventilation (NIV). There is actually no clear and
accurate index to assess the appropriate time of using NIV. We hypothesized that diaphragmatic
ultrasound in combination with arterial blood gases test can accurately predict when the patients require
sequential NIV.

Objective: To investigate the feasibility of using the new VOX (velocity oxygenation) index, combining the
diaphragmatic ultrasound and oxygen pressure analyses, as a reliable assessment tool for sequential NIV
in intensive care unit (ICU) patients.

Method: A prospective study including patients admitted to ICU of People’s Liberation Army General
Hospital First Medical Center Respiratory Department between August 1st 2018 and March 31st 2020.
Patients received either continuous low-�ow oxygen therapy or sequential NIV based on the physician
judgement. The diaphragm movement distance, contraction time, and velocity were recorded and the E-T
(excursion-time) index, VOX index, and arterial blood gases were compared.

Result: The velocity of the diaphragmatic contraction (VD) was higher (3.29 vs. 1.89, P< 0.001) and P/F
ratio was lower (161 vs. 264, P< 0.001) in patients receiving NIV. In predicting the need of utilizing NIV,
VOX index showed the largest area under curve of ROC (AUC= 0.97) which was signi�cantly greater than
the AUC of VD and P/F ratio.

Conclusion: VOX index serves as an accurate indicator of predicting the time of using NIV for ICU
patients. It is recommended to switch from invasive ventilation to NIV when VOX< 109.89.

Introduction
Noninvasive ventilation (NIV) has been reported to reduce work of breathing and inspiratory muscle effort
in patients with acute respiratory distress syndrome (ARDS), as well as the risk of intubation and
mortality of intensive care unit (ICU) patients1,2. However, under the current clinical guidelines used
worldwide, the use of NIV is subjected to the combination assessment of respiratory status and the
arterial blood gases test of the patient made by individual physician3. Thus, a standard index to
universally distinguish the appropriate time of using NIV and to serve as an early predictor of patients in
need of NIV is of clinical importance.

Clinically, a broad aspect of analysis including the disease severity and progression, patient’s
consciousness, arterial blood gases test, and respiratory muscle movement are employed to decide the
application of NIV. Among which, patient’s respiratory condition and the arterial blood gases are the most
important indicators3. The respiratory condition essentially represents the patient’s respiratory muscle
movement and if the patient experiences respiratory muscle fatigue. The Diaphragm is the most
important respiratory muscle and produces 70% of the total tidal volume generated during one
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respiration. It has been showed that mild diaphragm dysfunction can lead to di�culty of weaning from
ventilation in ICU patients as 60% of patients with dyspnea had presented diaphragm dysfunction within
24 hours after admitting into ICU4. Transdiaphragmatic pressure (Pdi) is the traditional measure of
diaphragm strength which is di�cult to serve as a regular monitoring tool due to patient intolerance
caused by the invasive technique5. Diaphragmatic ultrasound, on the contrary, has gained popularity in
ICU as a new tool of assessing diaphragm functions providing its radiation free and noninvasive
features6–10. Several studies have demonstrated the application of diaphragmatic ultrasound in
predicting the NIV or extubation outcomes in ICU patients by measuring the diaphragm movement
distance, velocity of contraction, thickness, and thickening fraction11–14. Palkar et al. have also utilized
the excursion-time index (E-T index) to indirectly assess the work of breathing and diaphragm strength,
further predicting the extubation outcomes of ICU patients15.

While the current clinical research publications focus mainly on the NIV or extubation outcomes of
patients in ICU or emergency care, studies on determining the time of using NIV therapy are limited. In
addition, the aforementioned studies employed solely the diaphragm function and condition for outcome
prediction, the arterial blood gases test was not included when performing the assessment16. We
therefore seek a new indicator with a broad coverage of patient’s respiratory condition which combines
arterial blood gases and diaphragm function, to better predict the opportune use of NIV therapy.

The patient oxygenation status and inspiratory muscle condition should be considered when predicting
the need of NIV. The ratio of partial pressure of arterial oxygen to fraction of inspired oxygen (PaO2/FiO2,
P/F ratio) is a good indicator of assessing the oxygenation status clinically. The higher the P/F ratio, the
better the patient oxygenation status and the less likely of a patient to receive NIV therapy. Although the
twitch transdiaphragmatic pressure (twPdi) is regarded as the diagnostic gold standard of measuring
inspiratory muscle strength, the required invasive operation poses di�culties in routine monitoring5. The
velocity of diaphragm contraction (VD), however, is easy to obtain and has been demonstrated to be

negatively correlated with Pdi17. The inspiratory muscle strength can thus be assessed using VD.
Furthermore, Wang et al. have shown that VD was signi�cantly lower in patients with successful weaning

and that VD can be used as a extubation outcome predictor18. In this study, we introduced the ratio of P/F
ratio and VD, representing oxygenation status and diaphragm function respectively. The derived velocity-
oxygenation index (VOX index) was used as a new parameter in predicting the use of NIV therapy, where
the lower the VOX index, the higher the necessity of applying NIV.

This study investigated the feasibility of using diaphragmatic ultrasound, in combination with arterial
blood gases test, as a reliable tool for NIV therapy selection. We also examined whether the new VOX
index can be used as the predictor of NIV application in ICU patients.

Method
Patients
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Patients with respiratory and severe disease admitted in 18-bed ICU of People’s Liberation Army General
Hospital First Medical Center were included in this 20-months prospective observational study. The study
was approved by Institutional Review Board (S2018-212-01) and consent forms were obtained from all
the patients included in the study. The eligible patients were free from arti�cial airways when admitted to
ICU and were above age 18. Pregnant subjects, patients requiring immediate intubation, and those who
did not agree on receiving NIV were not included. Patients with neuromuscular diseases, chest wall
deformities, diaphragmatic paralysis, shock, or hemodynamic instability were also excluded. All the
treatment decisions were made by ICU physicians who were blinded from the study objective.

Oxygenation therapy

Patients were admitted to ICU and continuous low-�ow oxygen therapy or sequential NIV were given
according to the physicians’ judgements. One of the following criteria should be met when giving NIV to
patients: 1) respiratory rate > 25 breaths/min; 2) blood pH ≤ 7.35; 3) PaCO2 > 45 mmHg; 4) PaO2/FIO2 ≤
200 mmHg; 5) accessory muscle of respiration were involved in patient respiration3,19. The treatment
selection, parameter setting, and intubation during the study were determined by the physicians without
any interferences from the study researchers.

Data collection

The demographic features including gender, age, weight, body mass index (BMI) were recorded when
admitted in the ICU. The assessments of disease severity, sepsis-related organ failure assessment
(SOFA), and acute physiology and chronic health evaluation II (APACHE II) were calculated 24 hours
before admitting to ICU. The arterial blood gases test and diaphragmatic ultrasound were later obtained
when physicians determined the primary oxygenation therapy for the patients.

Ultrasonography assessment

Patients were examined in semi-recumbent position (30º–45º) with a Mindray M5 portable ultrasound
system. A convex 3.5 MHz–5 MHz transducer was placed horizontally at the right costal margin along
the midclavicular line. Liver was set as the ultrasound window with the ultrasound beam being directed
cephalad and perpendicular to the posterior third of the diaphragm (Fig. 1). The M-mode line was ensured
to align vertically to the right diaphragmatic line during the respiration. Three consecutive quiet breathing
cycles were recorded and the diaphragm excursion (DE) and inspiratory time (Ti) were measured. DE was
determined as the vertical distance between the lowest and the highest points of the diaphragm
displacement, and VD was de�ned as the DE during one breathing cycle. E-T and VOX indexes were then
calculated accordingly. The overall duration of the ultrasound examination was less than 5 minutes.

Statistical analysis
Data analyses were performed with SPSS 21.0 software. Data was shown as mean ± SD if passing
normality test, otherwise, median of the data was used. Independent sample t test or Mann-Whitney U test
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were used for continuous variables as appropriate. Categorical variables were shown as frequencies and
percentages and chi-squared test was performed to determine the intergroup differences. Receiver
operating characteristic curve (ROC) based on sensitivity and speci�city was performed and z test was
used to compare the area under curve between each index. A 95% con�dence interval was used and P < 
0.05 was considered statistically signi�cant.

Results
Patient characteristics

A total of 48 subjects were included during the study period from August 2018 to March 2020. Twenty-
three patients were given NIV after admitted into ICU and were categorized as NIV group. The 25 patients
received continuous low-�ow oxygenation were included in the control group. Baseline characteristics
were shown in Table 1. There were no intergroup differences on gender, age, BMI, and APACHE II score.
While no signi�cant difference of ICU stay was observed between the two groups, NIV group had a
signi�cantly lower SOFA score (P = 0.04) on admission to ICU and a higher ICU mortality (P = 0.036).

Table 1
Patient Demographics

  Control group

(N = 25)

NIV group

(N = 23)

P

Male, No (%) 76% 52.17% 0.085

Age, years 80 (30) 74 (18) 0.302

APACHE 11.2 ± 6.25 13.78 ± 6.65 0.172

SOFA 2 (5.5) 5 (5) 0.04*

BMI, kg/m2 23.38 ± 5.41 22.54 ± 4.02 0.547

ICU stay, days 13 (8.5 to 25) 17 (8 to 44) 0.522

ICU mortality, No 4 10 0.036*

APACHE II: Acute Physiology and Chronic Health Evaluation II; SOFA: Sepsis-related Organ Failure
Assessment; BMI: Body mass index; * P 0.05

Monitoring indexes analyses

The arterial gases test showed no respiratory acidosis among the patients (Table 2) and no statistical
difference was observed for PaCO2 between the two groups (37.1 vs. 42, P = 0.089). However, NIV group
exhibited lower P/F ratio compared with control group (264 vs. 161, P < 0.01), suggesting a less
therapeutic e�cacy of NIV.



Page 6/14

Table 2
Arterial blood gas and diaphragm ultrasound data

  Control group

(N = 25)

NIV group

(N = 23)

P

PH

(median, IQR)

7.41 (7.40 to 7.45) 7.41 (7.35 to 7.45) 0.223

P/F,mmHg

(median, IQR)

264 (229.5 to 296) 161 (119 to 222) 0.001*

PaCO2,mmHg

(median, IQR)

37.10 (35.6 to 42) 42.00 (36.8 to 56) 0.089

DE,cm

(median, IQR)

1.76 (1.60 to 2.10) 2.12 (1.66 to 2.93) 0.110

Ti,s

(median, IQR)

0.99 (0.89 to 1.09) 0.66 (0.63 to 0.71) 0.001*

VD,cm/s

(median, IQR)

1.89 (1.53 to 2.17) 3.29 (2.31 to 4.31) 0.001*

E-T index

(mean ± SD)

1.61 ± 0.96 1.56 ± 1.07 0.087

VOX index

(mean ± SD)

151.48 ± 54.36 57.08 ± 47.51 0.001*

DE: diaphragm excursion; Ti: inspiratory time; VD: diaphragm contraction velocity; E-T index: the
excursion-time index; P/F: PaO2/FiO2; VOX index: diaphragm contraction velocity-oxygenation index;
* P 0.05

The diaphragmatic ultrasonography demonstrated signi�cant intergroup differences in inspiratory time
(Ti), diaphragm contraction velocity (VD), and VOX index. NIV group presented shorter Ti (0.66 vs. 0.99, P 
< 0.001) and higher VD (3.29 vs. 1.89, P < 0.001) compared with the control group. NIV group also showed
considerably lower VOX index (57.08 vs. 151.48, P < 0.001). However, we did not observe signi�cant
differences in DE and E-T index.

Analyses of variables related to predicting the need of NIV

The accuracy of predicting the need of NIV based on P/F ratio, VD, and VOX index variables was assessed
by AUCROC (Fig. 2). VOX index exhibited higher AUC with better accuracy (AUC = 0.97, 95% CI 0.876–
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0.998) in NIV application prediction compared with VD (AUC = 0.88, 95% CI 0.754–0.956) and P/F ratio
(AUC = 0.867, 95% CI 0.738–0.948). According to the ROC curve, the best cutoff point for the VD was
estimated to be 2.22 cm/s with a sensitivity and speci�city of 87% and 80% respectively when VD≥
2.22 cm/s was used to predict the need of NIV. While the best cutoff point for P/F ratio was estimated as
204.5 and the sensitivity and speci�city were 96% and 73.9% when P/F < 204.5, VOX index was estimated
with a best cutoff point of 109.89 with 88% sensitivity and 95.7% speci�city when VOX < 109.89.

To compare the accuracy of the 3 indexes in predicting the need of NIV, z-test was performed on AUCROC
of the indexes. VOX index showed signi�cant differences from P/F (P = 0.048) and VD (P = 0.0372) while
no statistical difference was observed between P/F and VD, suggesting that VOX index is more accurate
in NIV application prediction.

Discussion
The present study shows 4 major �ndings. 1) Diaphragmatic ultrasonography is a reliable tool to assess
whether the ICU patients require NIV therapy. 2) The patient’s oxygenation status and diaphragm function
are related to the need of NIV. 3) We also observed a signi�cantly higher velocity of diaphragm
contraction in patients receiving NIV than those who received continuous low-�ow oxygenation therapy,
although no statistical difference was observed in E-T index between groups. 4) Assessing the patients’
need of NIV using the combination of parameters from arterial blood gas and diaphragmatic ultrasound
provided better accuracy and speci�city compared with using parameters from a single test.

Several studies have shown better association between inspiratory muscle strength and diaphragm
function assessed by diaphragmatic ultrasound6,17. Physicians could perform real time assessment of
patient’s inspiratory muscle strength through monitoring the diaphragm thickness and movement
distance, achieving early diagnosis of diaphragmatic atrophy and prediction of extubation outcomes in
mechanically ventilated patients14,15,20−22. The real time assessment can also be used to determine if NIV
is needed for patients with dyspnea in the emergency department, further predicting the NIV outcome12,16.
Despite the limited amount of studies regarding the velocity of diaphragm contraction, the great
association between VD and inspiratory muscle strength has been demonstrated and used for extubation

outcome prediction, which proved the reliability of VD
6,18. In this study, we not only assessed the regular

diaphragmatic ultrasound parameters, but also introduced a new index to better predict the need of NIV in
ICU patients. Palkar et al. showed that E-T index represents the work performed by the diaphragm during
spontaneous breathing trial and can well predict the outcome of extubation12. The higher the E-T index is,
the more work is done to overcome the inspiratory load and thus the better the diaphragm functions and
the subsequent success rate of extubation. Moreover, patient oxygenation status and inspiratory muscle
strength are determinants of the need of NIV clinically, we therefore presented the novel VOX index to
predict the opportune time of NIV therapy for ICU patients.
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Surprisingly, we did not observe intergroup differences in DE and E-T index, which might be related to
patients’ respiratory statuses. The data obtained indicating resting state diaphragm movement as the
diaphragmatic ultrasound was measured when patients performed quiet breathing. We noticed that most
of the patients receiving NIV were under hypoxia condition when taking the diaphragmatic ultrasound
where subjects presented respiratory distress, contraction of accessory muscle of respiration, and
signi�cantly lower Ti compared with patients receiving continuous low-�ow oxygen (0.99 vs. 0.66, P < 
0.001). Most NIV patients thus hardly maintain quiet breathing and displayed forced inspiration.
Although study had shown signi�cant difference in DE between quiet breathing and deep breathing
among healthy adults23, other study indicated that subjects with dyspnea exhibited signi�cantly shorter
DE when performing forced inspiration compared with healthy adults and ICU patients due to inherent
diaphragm fatigue16. This can explain why we did not observe statistical difference in DE between the
two groups. In addition, as E-T index represents the product of DE and Ti at resting state, it can also
contribute to the lack of intergroup statistical difference in E-T index in our study.

There was no respiratory acidosis observed in both groups based on the arterial blood gas test as the
medians of PaCO2 in control and NIV group were 37.10 mmHg and 42.00 mmHg respectively. The test
performed upon admission to ICU showed medians of pH 7.41 in both groups and a lower Ti in the 23
NIV patients. We supposed that NIV patients mitigated dyspnea condition through increasing respiratory
frequency and oxygen consumption, compensating the existing hypoxia and decreased diaphragm
muscle strength.

In consistent with our presumption, P/F and VD were well associated with predicting the need of NIV
where patients receiving NIV present greater VD and poor oxygenation status compared with those
receiving continuous low-�ow oxygen. VD closely represents the patients diaphragm movement condition.
During quiet breathing, the more obvious manifestation of dyspnea presented with bigger movement of
forced inspiration, the greater the diaphragm contraction and the subsequent VD. Previous study
demonstrated that the increased inspiratory resistive loading induces signi�cant changes in respiratory
patterns in healthy adults. Ti and Ti/TOT (inspiratory time to total cycle time) decreases �rst in volunteers
without changes in DE24. VD therefore better manifests early dyspnea symptoms in patients compared
with DE as Ti, which is more sensitive to inspiratory resistive loading, is involved in the calculation of VD.
P/F generally decreases in patients with hypoxia and is an indicator of the need of NIV. However, both P/F
and VD assess patients’ condition through a single aspect which the former represents patient
oxygenation status and the later measures the inspiratory muscle strength and diaphragm movement. In
this study, we presented novel VOX index which integrated patient oxygenation status and inspiratory
muscle condition. We have demonstrated that VOX index combines the parameters of oxygenation status
and diaphragm strength, serving as a better determinant for predicting patients requiring NIV.

There were several shortfalls of our study. The major limitation of this study was that the diaphragmatic
ultrasonography was performed under quiet breathing, whereas other studies performed the
ultrasonography during deep breathing16,25. This is done for the following reasons. First, deep breathing
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imposes additional work consumption to ICU patients who might need NIV, and it affects measurement
accuracy if patients had shown dyspnea symptoms as subjects had di�culty completing the task.
Additionally, obscuration of the diaphragm by the descending lung can interfere the accuracy of the
measurement23. Moreover, several researches have established great correlation between VD and twPdi
under quiet breathing in both healthy adults and patients with respiratory muscle weakness. Resting state
diaphragmatic ultrasound thus provides reliable measures to the inspiratory muscle strength17,26,27.

As a single center study, the other limitation was the small sample number included and further
investigations and veri�cations conducted under similar clinical environment should be performed. The
third shortfall was that only the right diaphragm was evaluated in patients as measuring the left
diaphragm during emergency condition can be di�cult. Forth, the fact that decisions of patients needing
NIV were made solely by the physicians despite the VOX index proposed could impose certain impacts on
the study results. Lastly, we compared only the clinical parameters upon admission to ICU without
dynamic monitoring during patients’ stay in ICU. The therapy and time in ICU could also in�uence the
outcome and thus require further investigation in our future study.

Conclusion
Our study demonstrated that diaphragmatic ultrasonography is a reliable clinical tool in assessing
whether to select NIV as the treatment. VOX index is a great indicator in predicting the opportune time of
using the NIV in ICU patients. NIV is recommended when VOX < 109.89.
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Figure 1

Representative diaphragmatic ultrasound from patient enrolled in this study.
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Figure 2

ROC (receiver operating characteristic) curves for model. P/F: PaO2/FiO2; VD: Diaphragm excursion
velocity; VOX index: diaphragm contraction velocity-oxygenation index.


