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Abstract: In clinical practice, increased “work of breathing” (WOB) is used to rapidly identify the
acutely ill child in need of immediate clinical care, and is commonly used to support a clinical
diagnosis of pneumonia. However, this key clinical sign is poorly understood and inconsistently
defined. This review discusses the physiology, measurement, and clinical assessment of WOB,
highlighting its utility in the recognition of pneumonia in under-resourced settings, where access to
diagnostic imaging may be limited.
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1. Introduction

Pneumonia kills more children than any other infectious disease, claiming the lives of
over 700,000 children under five every year, or around 2000 every day [1]. This includes
around 190,000 newborns [1]. Almost all of these deaths are preventable [1]. Globally, there
are over 1400 cases of pneumonia per 100,000 children, or 1 case per 71 children every year,
with the greatest incidence occurring in South Asia (2500 cases per 100,000 children) and
West and Central Africa (1620 cases per 100,000 children) [1]. The majority of these deaths
occur in low- and middle-income countries (LMIC), where known risk factors such as poor
sanitation and water quality, limited immunization, and undernutrition are prevalent [2].
Although early recognition and prompt, appropriate antibiotic treatment can reduce mortal-
ity from pneumonia [3] and minimize antibiotic overuse and the development of resistance,
accurate diagnosis poses a significant clinical challenge. The diagnosis of pneumonia in
resource-poor countries is usually made based on clinical signs. Though many of these
signs (temperature, respiratory rate, oxygen saturation, and auscultatory findings) are
easy to measure, they may not be specific enough to discriminate pneumonia from other
illnesses [4]. Recent studies have found that a set of clinical signs collectively suggesting the
presence of increased work of breathing (chest indrawing, intercostal/subcostal recession,
grunting, head nodding, tracheal tug, nasal flaring, etc.) was associated with a higher likeli-
hood ratio for radiologically confirmed pneumonia compared to other clinical signs [5,6].
This review article will examine the physiology, measurement, and clinical assessment of
work of breathing (WOB), with particular emphasis on diagnosing pneumonia.

1.1. Physiology of WOB

WOB is defined as the energy needed to overcome the elastic and flow-resistive forces
of the lung and inflate or deflate the lungs, chest wall, or both [7-9]. Examples of elastic
forces are the lung elastic recoil and the surface tension of the alveoli, while flow-resistive
forces are frictional forces between tissues and gas molecules [10]. Specifically, WOB is
the “cumulative product of distending pressure and the given volume displaced during
inhalation or exhalation” [9]. Stoller and Hill [11] introduced the concept of WOB as the
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energy required to overcome the lung’s elastic recoil, displace the chest wall and abdomen,
and overcome airway resistance, lung viscosity, and inertia. Inertia refers to the resistance
of any physical object to a change in velocity. As defined by most authors, total WOB is,
therefore, the sum of elastic work, resistive work, and, though negligible, inertial work,
which encompasses both inspiration and expiration [7,12,13].

Total WOB = Elastic WOB + Flow-Resistive WOB

Elastic WOB accounts for two-thirds of the total WOB, and flow-resistive WOB ac-
counts for one-third [13]. Di Fiore and Carlo [12] define elastic work of breathing as the
“work required to stretch the lungs and chest wall during a tidal inspiration” and resis-
tive work of breathing as the “work required to overcome friction caused by lung tissue
movement and gas flow through the airways”. Most of the elastic energy will be recovered
during passive expiration, which is stored as elastic recoil, and the work performed during
a single breath represents energy lost while overcoming resistive forces.

As disease or other external factors can change elastic and flow-resistive forces, to-
tal WOB will change accordingly, making it a potentially useful indicator of abnormal
respiratory function [8].

1.2. Measurement of WOB

Since “work” is defined in physics as the product of pressure multiplied by volume,
WOB can, therefore, be quickly and directly estimated by multiplying changes in pressure
across the lung by changes in volume [7,14].

W = APAV,

wherein W = work of breathing, AP = change in pressure across lung, and AV = change in
lung volume.

Transpulmonary pressure, the difference between alveolar and intrapleural pressure,
can be multiplied by tidal volume to estimate total WOB [7,15]. This technique is convenient
as an estimate because such respiratory parameters can be directly measured using pressure
transducers, plethysmographs, and esophageal balloons.

A more accurate estimation of WOB uses the Campbell diagram, which depicts the
relationship between pressure and volume during spontaneous breathing. Esophageal
pressure, measured by balloon catheters, is commonly used to estimate intrapleural pres-
sure (P). This value is plotted against tidal volume (V), and WOB is calculated by adding
the areas between the resulting inspiration and expiration curves (Figure 1). Using the
Campbell diagram can help understand pulmonary mechanics during obstructive airway
diseases. These conditions are characterized by expiratory flow limitation, which may
prevent the lungs from emptying to the relaxation volume during breathing, resulting
in dynamic hyperinflation. When inhalation is initiated from a volume above relaxation
volume, the inspiratory muscles must lower pleural pressure substantially. Dynamic hy-
perinflation thus represents an inspiratory threshold load that must be overcome to initiate
inhalation and which will considerably broaden the inspiratory part of WOB as depicted in
the diagram [16].

1.3. Current Technologies for Objective Measurement of WOB

Devices currently used to measure WOB in both inpatient and outpatient clinical
settings incorporate technology based on the Campbell Diagram concept. Esophageal
pressure is generally measured using a balloon catheter, and tidal volume using a flow
sensor. WOB has been measured in adult patients with respiratory failure [17,18], chronic
obstructive pulmonary disease (COPD) [18,19], and chronic heart failure [20], and in chil-
dren with parenchymal lung disease [13] and bronchiolitis [21]. Estimating transpulmonary
pressure and WOB using esophageal manometry is an effective tool for adjusting positive
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end-expiratory pressure (PEEP) in critically ill patients. Maintaining pressures within a
specific range minimizes the risk of alveolar overdistention and lung injury.
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Figure 1. Normal work of the breathing cycle is shown on a diagram of the respiratory cycle.
(V = Volume, P = Pressure).

In contrast to invasive esophageal balloon catheter techniques, respiratory inductance
plethysmography (RIP) is a non-invasive respiratory monitoring device, first introduced
by Cohn in 1977, that provides the measurement of volume expansion using recording
bands wrapped around the thorax and abdomen [22]. By convention, the ribcage expands
during inhalation, and there is a simultaneous outward movement of the abdomen. With
a progressive increase in WOB, the ribcage lags behind the abdominal compartment,
generating an asynchronous pattern of breathing known as thoracoabdominal asynchrony
(TAA). TAA is present when there is increased respiratory resistance in the upper airway,
lower airway, or lung tissue, low lung compliance, as seen in lung parenchymal disease
(i.e., pneumonia), or increased chest wall compliance, as seen in infants and newborns,
as well as patients with neuromuscular disease. Strang et al. [23] recently utilized the
“pneuRIP” (Creative Micro Designs, Newark, DE, USA). This non-invasive, wireless device
uses RIP to measure changes in volume between the ribcage and abdomen and derives
various WOB indices. These WOB indices reported by the pneuRIP belts, including phase
angle, respiratory rate (RR), and labored breathing index (LBI), are used to document
the degree of WOB. The phase angle parameter quantifies the degree of TAA between
the ribcage and abdominal compartments during breathing, and the LBI is a measure
of the respiratory effort that is generated during TAA, reported as a ratio estimating
WOB effort [23]. Specifically, Strang et al. found that the phase angle and LBI values
differed markedly between healthy children and patients with neuromuscular disease [23].
Instantaneous measurements of the phase angle collected from the pneuRIP belts have also
proved helpful in measuring response to treatment interventions in the rodent model [24],
and real-time monitoring of WOB indices was used to adjust high-flow nasal cannula
treatment in premature infants [25]. Recently, optoelectronic plethysmography (OEP) was
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utilized to detect increased WOB in infants with spinal muscular atrophy (SMA) and to
assess the therapeutic respiratory MOH WOBI muscles’ effect of gene modifiers in these
infants [26].

Both invasive and non-invasive techniques may have some limitations, including the
potential discomfort or risks associated with invasive methods like esophageal balloon
catheters and the possible accuracy issues with non-invasive methods like respiratory
inductance plethysmography.

1.4. Increased WOB in the Diagnosis of Childhood Pneumonia

The World Health Organization (WHO) [27] clinical definitions of pneumonia and
severe pneumonia were developed primarily for primary care and secondary level hospitals
(e.g., district hospitals), guiding both inpatient and outpatient care. A child with cough
or difficulty breathing plus fast breathing or lower chest wall indrawing is classified as
a case of pneumonia [27], though other clinical signs (nasal flaring, wheeze, abnormal
findings on chest auscultation) may also be present. A child fulfills the definition of severe
pneumonia [27] if they have features of pneumonia plus >1 of central cyanosis or oxygen
saturation <90%; severe ‘respiratory distress’ or increased WOB (IWOB); or a general
danger sign, namely, unable to drink, lethargy or coma, or convulsions. It is clear, therefore,
that this non-specific clinical definition of severe pneumonia also includes severe disease
from various other infectious and non-infectious causes. Table 1 provides definitions for all
of these clinical signs and compares the sensitivity and specificity of each for radiologically
confirmed pneumonia.

Table 1. Clinical features of pneumonia and severe pneumonia in children.

Clinical Sign

Sensitivity/Specificity for Radiologically Confirmed

Definition ?
Pneumonia

Of all the features of increased WOB, grunting was most

Abnormal, repetitive, short upper respiratory

specific for pneumonia [30].Grunting was identified as one

Grunting tract sounds that can be heard during of the clinical signs significant (p-value 0.038) for
expiration [28,29]. radiologically confirmed pneumonia in children
(1-16 years) presenting with suspicion of pneumonia [31].
Subjects with and without pneumonia differed significantly
Nasal Flaring The opening and widening of the nostrils on nasal flaring, with a p-value of 0.001 [33]. A combination

while breathing [32]

of nasal flaring, tachypnea and hypoxia, had the highest
specificity of 0.98 for pneumonia [33].

Chest Retractions/Indrawing

Inward movement of the chest or lower chest
wall as a child breathes in [5,27] is often
associated with supraclavicular, intercostal,
and/or subcostal retractions [29].

Shamo’on et al. [34] found that chest indrawing was
frequently observed with high specificity and sensitivity in
pneumonia. Retractions were identified as one of the
clinical signs significant (p-value 0.047) for radiologically
confirmed pneumonia in children (1-16 years) presenting
with suspicion of pneumonia [33].

>60 breaths/min at 0 to 2 months of age,
>50 breaths/min at 2 to 12 months,

Durbin and Stille [30] and Shamo’on, Hawamdah,
Haddadin, and Jmejan [34] identified tachypnea as the most

Tachypnea >40 breaths/min for 1 to 4 years of age, and sensitive and specific sign of pneumonia. In children <5,
>30 breaths/min for greater than 5 years of tachypnea had a sensitivity of 74% and a specificity of 67%
age (WHO criteria) for radiologically confirmed pneumonia [35].
Observed head nodding presented a low sensitivity (0.11) and
Downward nodding toward the chest each ? Ellglll SI; eclllf 1c1tyn§(i)ﬁ)dforrfhﬂire£ (0_29 mﬂl tkﬁs)rvxgt(l; taset
Head Nodding time a child breathes, as a result of accessory aciorogica ly o €¢ PRIEWTOMA actoss &5 8 1arec catasets

muscle usage during breathing [36].

[37].In children with confirmed pneumonia (2-59 months), the
presence of head nodding demonstrated a sensitivity of 59%
and a specificity of 94% to predict hypoxemia [38].

IWOB is defined as grunting, chest indrawing, or head nodding in infants, due to the
use of accessory muscles of respiration [38—40]. In practice, however, healthcare workers
generally rely on a subjective assessment of IWOB, based on a constellation of these clinical
signs. The term ‘increased WOB' is often used interchangeably with ‘respiratory distress’,
yet the underlying pathophysiology of the two conditions may differ. Respiratory distress
usually occurs when there is impaired air exchange that leads to decreased ventilation and
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oxygenation, and IWOB is the observed compensation. However, these terms are by no
means interchangeable. For example, in severe malaria and other conditions, respiratory
distress or ‘deep breathing’ is associated with metabolic acidosis and poor prognosis,
whereas IWOB is not associated with metabolic acidosis [41,42].

A systematic review by Shah et al. [5] concluded that clinical features of IWOB (grunt-
ing, flaring, and retractions) outweighed the importance of tachypnea and auscultatory
findings in the diagnosis of pneumonia, primarily because they had the highest specificity
for radiologically confirmed pneumonia. Signs of INOB also had the highest positive
likelihood ratio (LR, 2.1 [95% CI, 1.6-2.7]) for pneumonia compared to other physical exam-
ination findings (temperature-LR, 1.7; tachypnea-LR, 1.5; auscultation-LR, 0.88-1.4) [6].
There were a few limitations to that systematic review. The study included a limited num-
ber of diagnostic studies (23 prospective cohort studies), which may not fully represent the
diversity of clinical presentations and diagnostic challenges in pediatric pneumonia. In
addition, other factors such as comorbidities, environmental factors, or healthcare settings
may have also affected the results. Nevertheless, in LMIC settings, this systematic review
concluded that IWOB and hypoxemia are highly indicative of pneumonia and are therefore
of considerable clinical value in areas where chest radiography is unavailable [5]. This fur-
ther emphasizes the importance of assessing for signs of INOB to improve early detection
of pneumonia, reduce mortality, and prevent antibiotic overuse.

Recognizing clinical signs of increased WOB is also important in neonates diagnosed
with neonatal respiratory distress syndrome. Parkash et al. [43] studied 205 neonates,
ages 0 to 28 days, with respiratory distress, caused mainly by pneumonia. They found
that 100% of the neonates had a respiratory rate >60 breaths per minute, nasal flaring,
and subcostal retractions, while 60.9% had grunting. Similarly, Sabzehei et al. [44] found
intercostal retraction (75.3%), tachypnea (67.7%), and grunting (61.3%) to be the most
common symptoms of neonatal respiratory distress. Mlay and Manji [45] found that
grunting was the clinical sign most significantly associated with increased mortality among
infants with severe respiratory distress. These studies further highlight the importance
of recognizing signs of increased WOB, as they are strongly suggestive of severe illness,
respiratory distress, and increased mortality.

2. Discussion

The rationale for assessing the work of breathing in childhood pneumonia is to identify
patients who are at high risk of respiratory failure and require urgent intervention, includ-
ing oxygen therapy and referral to a higher-level facility. Assessing WOB may contribute
not only to triage and risk assessment but also to diagnosis and assessing response to
treatment, particularly in resource-limited areas. This review has suggested that increased
work of breathing is a sensitive parameter that can help clinicians predict pneumonia. Fur-
thermore, there is evidence for the consequences when WOB is not appropriately assessed
(e.g., missed diagnoses, delayed referral, poorly directed treatment, excess mortality).

Whether the work of breathing itself is the most important critical parameter to
evaluate or whether investigating the cause of increased work of breathing is necessary, both
approaches appear important and complementary. Assessing the work of breathing can
provide valuable information about the severity of respiratory difficulties, but investigating
the underlying cause, such as bacterial or viral pneumonia, can guide appropriate treatment
and help prevent further deterioration.

Currently, healthcare providers in LMICs use standardized case management guide-
lines called the Integrated Management of Childhood Illnesses (IMCI) guidelines developed
by the World Health Organization (WHO) for childhood pneumonia care [27]. While fo-
cusing on subjective clinical signs, the IMCI guidelines for pneumonia diagnostic criterion
performs with low specificity, resulting in antibiotic overtreatment. We believe that by
following appropriate RCTs, objective measurements of WOB could be easily integrated
into the guidelines and enhance their performance.
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In resource-limited areas, healthcare professionals can develop proficiency in de-
tecting increased work of breathing to aid in the clinical diagnosis and management of
childhood pneumonia. The use of work of breathing as a sensitive parameter can be
particularly valuable in these settings where alternative methods of assessment may be
limited. With appropriate training and support, healthcare workers in these settings can
be empowered to accurately detect early signs of respiratory distress. This can prompt
appropriate treatment initiation and referral to higher-level facilities as needed. To further
assist decision-making in pneumonia, we are recently developing an innovative, objective
tool to identify IWOB through depth imaging and artificial intelligence (Al) technologies
(MOH_2019-03-14_006019). Machine learning (ML), an emerging technology within the
field of Al is used in this work to create an algorithm to improve the detection of IWOB
by overcoming the intrinsic limitations of human perception and bias, reducing errors,
and improving diagnosis and risk predictions. Our ML-based models are first trained
using large multi-national repositories of data from children presenting with clinically
annotated IWOB and healthy children. Once trained, the ML model can then use data from
other individuals to determine their probability for that event. Objective identification of
increased work of breathing will serve to assist in the diagnosis and prediction of severe
childhood pneumonia.

Integrating Al-based technologies with mobile phones to identify IWOB has the po-
tential to be more effective than human senses in detecting smaller or more subtle clinical
differences. There are more mobile phones than people in the world [46], and two out of
three mobile users live in the developing world. Given the acceptability, widespread use,
and effectiveness of mobile technology interventions, integrating objective WOB measure-
ments in mobile phones can expand access to medical services in resource-constrained,
rural, or remote settings where highly trained and experienced healthcare providers may
not be available. Additionally, these technologies can lead to substantial cost savings [47].

The benefits of artificial intelligence in pneumonia include improving human perfor-
mance, democratizing medical knowledge and excellence, automating repetitive tasks, and
optimizing the allocation of limited resources [48].

A few limitations of this review must be acknowledged. We did not address the
potential variations in diagnostic criteria or practices across different regions or healthcare
systems. In addition, the review did not explore the cost-effectiveness or feasibility of
implementing the identified parameters of WOB in real-world clinical settings. These
economic and practical constraints, the cost of equipment, maintenance, and the need for
trained personnel may all influence the generalizability of the findings.

3. Conclusions

We have reviewed the physiology, measurement, and clinical assessment of WOB to
understand its role in diagnosing pneumonia in children. Improved understanding of the
components of increased WOB may lead to the development of novel and Al-based clinical
tools that could facilitate standardized recognition, thereby helping healthcare providers
identify and treat children with pneumonia in a timely manner.

Author Contributions: Conceptualization, I.A. and J.C.; methodology, I.A. and ].C.; writing—original
draft preparation, I.A.; writing—review and editing, .A., S.L., ].C. and A.M.; supervision, LA. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable—there were no human or animal studies
mentioned in this manuscript.

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable—no data were used in this review.

Conflicts of Interest: The authors declare no conflict of interest.



Children 2024, 11, 642 7of 8

Abbreviations
WOB  Work of breathing
ED Emergency department

References

1. Pneumonia in Children Statistics UNICEF DATA. Available online: https://data.unicef.org/topic/child-health /pneumonia/#:~:
text=Pneumonia%?20kills%20more%20children%?20than,of%20these%20deaths%20are%20preventable (accessed on 2 May 2024).

2. WHO/UNICEF. Ending Preventable Child Deaths from Pneumonia and Diarrhea by 2025. 2013. Available online:
http:/ /apps.who.int/iris /bitstream /handle /10665 /79200/9789241505239_eng.pdf?sequence=1 (accessed on 2 May 2024).

3. Drake, D.E.; Cohen, A.; Cohn, J. National hospital antibiotic timing measures for pneumonia and antibiotic overuse. Qual. Manag.
Health Care 2007, 16, 113-122. [CrossRef] [PubMed]

4. Metlay, ].P; Fine, M.]. Testing strategies in the initial management of patients with community-acquired pneumonia. Ann. Intern.
Med. 2013, 138, 109-118. [CrossRef] [PubMed]

5. Shah, S.N.; Bachur, R.G.; Simel, D.L.; Neuman, M.I. Does this child have Pneumonia? The rational Clinical Examination Systemic
Review. JAMA 2017, 318, 462-471. [CrossRef] [PubMed]

6. Goodman, D.; Crocker, M.E.; Pervaiz, F.; McCollum, E.D.; Steenland, K.; Simkovich, S.M.; Miele, C.H.; Hammitt, L.L.; Herrera, P.;
Zar, H.J.; et al. Challenges in the diagnosis of paediatric pneumonia in intervention field trials: Recommendations from a
pneumonia field trial working group. Lancet Respir. Med. 2019, 7, 1068-1083. [CrossRef] [PubMed]

7. Bersten, A.D.; Handy, J. Respiratory monitoring. In Oh’s Intensive Care Manual; Elsevier Ltd.: Amsterdam, The Netherlands, 2014;
pp. 436—444.

8. Koeppen, B.M,; Stanton, B.A. Dynamic lung and chest wall mechanics. In Berne and Levy Physiology; Elsevier Inc.: Amsterdam,
The Netherlands, 2018; pp. 456—465.

9. Hansen, T.,; Richardson, C.; Diblasi, R. Neonatal Pulmonary Physiology. In Avery’s Diseases of the Newborn; Elsevier Inc.:
Amsterdam, The Netherlands, 2018; pp. 618-631.

10.  West, J.; Luks, A. Mechanics of Breathing: How the Lung is Supported and Moved. In Respiratory Physiology: The Essentials;
Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2011.

11.  Stoller, J.K.; Hill, N.S. Respiratory monitoring in critical care. In Goldman-Cecil Medicine; Saunders: Philadelphia, PA, USA, 2016;
pp. 652-655.

12. Di Fiore, ].M.; Carlo, W.A. Assessment of neonatal pulmonary function. In Fanaroff and Martin’s Neonatal-Perinatal Medicine;
Saunders: Philadelphia, PA, USA, 2015; pp. 1060-1073.

13.  Khirani, S.; Nathan, N.; Ramirez, A.; Aloui, S.; Delacourt, C.; Clément, A.; Fauroux, B. Work of breathing in children with diffuse
parenchymal lung disease. Respir. Physiol. Neurobiol. 2015, 206, 45-52. [CrossRef] [PubMed]

14. Fiadjoe, J.; Litman, R.; Serber, J.; Stricker, P.; Coté, C. The Pediatric Airway, A Practice of Anesthesia for Infants and Children; Elsevier
Inc.: Amsterdam, The Netherlands, 2019; pp. 297-339.

15. Oh, TE,; Bhatt, S.; Tam, Y.H. Bedside measurement of work of breathing. Int. |. Clin. Monit. Comput. 1993, 10, 127-129. [CrossRef]

16. Loring, S.H.; Garcia-Jacques, M.; Malhotra, A. Pulmonary characteristics in COPD and mechanisms of increased work of breathing.
J. Appl. Physiol. 2009, 107, 309-314. [CrossRef] [PubMed]

17.  Banner, M.].; Kirby, R.R.; Gabrielli, A.; Blanch, P.B.; Layon, ]. Partially and totally unloading respiratory muscles based on
real-time measurements of work of breathing: A clinical approach. Chest 1994, 106, 1835-1842. [CrossRef] [PubMed]

18. Dellweg, D.; Haidl, P.; Siemon, K.; Appelhans, P.; Kohler, D. Impact of breathing pattern on work of breathing in healthy subjects
and patients with COPD. Respir. Physiol. Neurobiol. 2008, 161, 197-200. [CrossRef]

19. Chen, S; Li, Y.; Zheng, Z.; Luo, W.; Chen, R. The analysis of components that lead to increased work of breathing in chronic
obstructive pulmonary disease patients. J. Thorac. Dis. 2016, 8, 2212-2218. [CrossRef] [PubMed]

20. Cross, T.].; Sabapathy, S.; Beck, K.C.; Morris, N.R.; Johnson, B.D. The resistive and elastic work of breathing during exercise in
patients with chronic heart failure. Eur. Respir. J. 2012, 39, 1449-1457. [CrossRef] [PubMed]

21. Stokes, G.M.; Milner, A.D.; Hodges, .G.C.; Groggins, R.C. Lung function abnormalities after acute bronchiolitis. J. Pediatr. 1981,
98, 871-874. [CrossRef] [PubMed]

22. Cohn, M.A; Rao, A.S.; Broudy, M,; Birch, S.; Watson, H.; Atkins, N.; Davis, B.; Stott, ED.; Sackner, M.A. The respiratory inductive
plethysmograph: A new non-invasive monitor of respiration. Bull. Eur. Physiopathol. Respir. 1982, 18, 643-658. [PubMed]

23. Strang, A.; Ryan, L.; Rahman, T.; Balasubramanian, S.; Hossain, J.; Heinle, R.; Shaffer, T.H. Measures of respiratory inductance
plethysmography (RIP) in children with neuromuscular disease. Pediatr. Pulmonol. 2018, 53, 1260-1268. [CrossRef] [PubMed]

24. Zhu, Y; Aghai, Z.H,; Betal, S.G.N.; Favara, M.; Fong, G.; Rahman, T.; Shaffer, T.H. A novel noninvasive approach for evaluating
work of breathing indices in a developmental rat model using respiratory inductance plethysmography. Sci. Rep. 2020, 10, 20730.
[CrossRef] [PubMed]

25. Kovatis, K.Z.; Locke, R.G.; Mackley, A.B.; Keshab, S.; Shaffer, H. Adjustment of high flow nasal cannula rates using real-time work
of breathing indices in premature infants with respiratory insufficiency. J. Perinatol. 2021, 41, 1711-1717. [CrossRef] [PubMed]

26. LoMauro, A.; Mastella, C.; Alberti, K.; Masson, R.; Aliverti, A.; Baranello, G. Effect of nusinersen on respiratory muscle function in

different subtypes of type 1 spinal muscular atrophy. Am. |. Respir. Crit. Care Medicine. 2019, 200, 1547-1550. [CrossRef] [PubMed]


https://data.unicef.org/topic/child-health/pneumonia/#:~:text=Pneumonia%20kills%20more%20children%20than,of%20these%20deaths%20are%20preventable
https://data.unicef.org/topic/child-health/pneumonia/#:~:text=Pneumonia%20kills%20more%20children%20than,of%20these%20deaths%20are%20preventable
http://apps.who.int/iris/bitstream/handle/10665/79200/9789241505239_eng.pdf?sequence=1
https://doi.org/10.1097/01.QMH.0000267448.32629.f8
https://www.ncbi.nlm.nih.gov/pubmed/17426609
https://doi.org/10.7326/0003-4819-138-2-200301210-00012
https://www.ncbi.nlm.nih.gov/pubmed/12529093
https://doi.org/10.1001/jama.2017.9039
https://www.ncbi.nlm.nih.gov/pubmed/28763554
https://doi.org/10.1016/S2213-2600(19)30249-8
https://www.ncbi.nlm.nih.gov/pubmed/31591066
https://doi.org/10.1016/j.resp.2014.11.015
https://www.ncbi.nlm.nih.gov/pubmed/25445729
https://doi.org/10.1007/BF01142283
https://doi.org/10.1152/japplphysiol.00008.2009
https://www.ncbi.nlm.nih.gov/pubmed/19359620
https://doi.org/10.1378/chest.106.6.1835
https://www.ncbi.nlm.nih.gov/pubmed/7988210
https://doi.org/10.1016/j.resp.2008.02.002
https://doi.org/10.21037/jtd.2016.08.01
https://www.ncbi.nlm.nih.gov/pubmed/27621878
https://doi.org/10.1183/09031936.00125011
https://www.ncbi.nlm.nih.gov/pubmed/22034652
https://doi.org/10.1016/S0022-3476(81)80577-X
https://www.ncbi.nlm.nih.gov/pubmed/7229787
https://www.ncbi.nlm.nih.gov/pubmed/7116012
https://doi.org/10.1002/ppul.24134
https://www.ncbi.nlm.nih.gov/pubmed/29999598
https://doi.org/10.1038/s41598-020-77731-6
https://www.ncbi.nlm.nih.gov/pubmed/33244048
https://doi.org/10.1038/s41372-021-00977-z
https://www.ncbi.nlm.nih.gov/pubmed/33664469
https://doi.org/10.1164/rccm.201906-1175LE
https://www.ncbi.nlm.nih.gov/pubmed/31433957

Children 2024, 11, 642 8of 8

27.

28.
29.
30.
31.
32.
33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

World Health Organization. Pocket Book of Hospital Care for Children: Guidelines for the Management of Common Childhood Illnesses,
2nd ed.; World Health Organization: Geneva, Switzerland, 2013. Available online: https://www.ncbi.nlm.nih.gov/books/NBK1
54447/ (accessed on 2 May 2024).

Huang, M.G.; Santillanes, G. General approach to the pediatric patient. In Rosen’s Emergency Medicine: Concepts and Clinical
Practice; Elsevier Inc.: Amsterdam, The Netherlands, 2018; pp. 1985-1993.

Margolis, P.; Gadomski, A. Does this infant have pneumonia? JAMA/Ration. Clin. Exam. 1998, 279, 308-313. [CrossRef] [PubMed]
Durbin, W.; Stille, C. Pneumonia. Pediatr. Rev. 2008, 29, 147-160. [CrossRef] [PubMed]

Lynch, T,; Platt, R.; Gouin, S.; Larson, C.; Patenaude, Y. Can we predict which children with clinically suspected pneumonia will
have the presence of focal infiltrates on chest radiographs? Pediatrics 2004, 113 Pt 1, e186-e189. [CrossRef] [PubMed]

Signs of Respiratory Distress in Children-Health Encyclopedia—University of Rochester Medical Center. 2020. Available online:
https:/ /www.urmc.rochester.edu/encyclopedia/content.aspx?ContentTypelD=90&ContentCo=P02960 (accessed on 2 May 2024).
Mahabee-Gittens, E.M.; Grupp-Phelan, J.; Brody, A.S.; Donnelly, L.E; Bracey, S.E.A.; Duma, E.M.; Mallory, M.L.; Slap, G.B.
Identifying children with pneumonia in the emergency department. Clin. Pediatr. 2005, 44, 427-435. [CrossRef] [PubMed]
Shamo’on, H.; Hawamdah, A.; Haddadin, R.; Jmeian, S. Detection of pneumonia among children under six years by clinical
evaluation. La Rev. De Sante De La Mediterr. Orient. 2004, 10, 482—487. [CrossRef]

Harris, M.,; Clark, J.; Coote, N.; Fletcher, P.; Harnden, A.; Mckean, M.; Thomson, A.; on behalf of the British Thoracic Society
Standards of Care Committee. British Thoracic Society guidelines for the management of community acquired pneumonia in
children: Update 2011. Thorax 2011, 66, iil-ii23. [CrossRef] [PubMed]

Ayieko, P; English, M. In Children Aged 2-59 months with Pneumonia, Which Clinical Signs Best Predict Hypoxaemia? J. Trop.
Pediatr. 2006, 52, 307-310. [CrossRef] [PubMed]

Rees, C.; Basnet, S.; Gentile, A.; Gessner, B.D.; Kartasasmita, C.B.; Lucero, M.; Martinez, L.; O’Grady, K.-A F.; Ruvinsky, R.O.;
Turner, C.; et al. An analysis of clinical predictive values for radiographic pneumonia in children. BMJ Glob. Health 2020,
5,€002708. [CrossRef] [PubMed]

Weber, M.W.; Usen, S.; Palmer, A.; Jaffar, S.; Mulholland, E.K. Predictors of hypoxaemia in hospital admissions with acute lower
respiratory tract infection in a developing country. Arch. Dis. Child. 1997, 76, 310-314. [CrossRef] [PubMed]

Jaber, S.; Lescot, T.; Futier, E.; Paugam-Burtz, C.; Seguin, P,; Ferrandiere, M.; Lasocki, S.; Mimoz, O.; Hengy, B.; Sannini, A.;
et al. Effect of noninvasive ventilation on tracheal reintubation among patients with hypoxemic respiratory failure following
abdominal surgery: A randomized clinical trial. JAMA 2016, 315, 1345-1353. [CrossRef] [PubMed]

Tulaimat, A.; Trick, W.E. DiapHRaGM: A mnemonic to describe the work of breathing in patients with respiratory failure. PLoS
ONE 2017, 12, €0179641. [CrossRef] [PubMed]

Marsh, K,; Forster, D.; Waruiru, C.; Mwangi, I.; Winstanley, M.; Marsh, V.; Newton, C.; Winstanley, P.; Warn, P.; Peshu, N.; et al.
Indicators of life-threatening malaria in African children. N. Engl. ]. Med. 1995, 332, 1399-1404. [CrossRef] [PubMed]

English, M.; Amukoye, E.; Marsh, K.; Mwangi, I.; Crawley, J.; Waruiru, C.; Peshu, N.; Murphy, S. Deep breathing in children with
severe malaria: Indicator of metabolic acidosis and poor outcome. Am. . Trop. Med. Hyg. 1996, 55, 521-524. [CrossRef] [PubMed]
Parkash, A.; Haider, N.; Khoso, Z.A.; Shaikh, A.S. Frequency, causes and outcome of neonates with respiratory distress admitted
to neonatal intensive care unit, National Institute of Child Health, Karachi. J. Pak. Med. Assoc. 2015, 65, 771-775. [PubMed]
Sabzehei, M.K.; Basiri, B.; Shokouhi, M.; Fayyazi, A. Causes and outcomes of respiratory distress in neonates hospitalized in the
neonatal intensive care unit of Be’sat hospital in Hamadan, Iran. Int. ]. Pediatr. 2017, 5, 6253-6260. [CrossRef]

Mlay, G.S.; Manji, K.P. Respiratory distress syndrome among neonates admitted at Muhimbili Medical Centre, Dar es Salaam,
Tanzania. J. Trop. Pediatr. 2000, 46, 303-307. [CrossRef]

Available online: https://www.weforum.org/agenda/2023/04/charted-there-are-more-phones-than-people-in-the-world/
(accessed on 2 May 2024).

Khanna, N.N.; Maindarkar, M.A.; Viswanathan, V.; Fernandes, J.EE.; Paul, S.; Bhagawati, M.; Ahluwalia, P.; Ruzsa, Z.; Sharma, A;
Kolluri, R.; et al. Economics of artificial intelligence in healthcare: Diagnosis vs. treatment. Healthcare 2022, 10, 2493. [CrossRef]
[PubMed]

Ginsburg, A.S.; McCollum, E.D. Artificial intelligence and pneumonia: A rapidly evolving frontier. Lancet Glob. Health 2023, 11,
E1849-E1850. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.ncbi.nlm.nih.gov/books/NBK154447/
https://www.ncbi.nlm.nih.gov/books/NBK154447/
https://doi.org/10.1001/jama.279.4.308
https://www.ncbi.nlm.nih.gov/pubmed/9450716
https://doi.org/10.1542/pir.29-5-147
https://www.ncbi.nlm.nih.gov/pubmed/18450836
https://doi.org/10.1542/peds.113.3.e186
https://www.ncbi.nlm.nih.gov/pubmed/14993575
https://www.urmc.rochester.edu/encyclopedia/content.aspx?ContentTypeID=90&ContentCo=P02960
https://doi.org/10.1177/000992280504400508
https://www.ncbi.nlm.nih.gov/pubmed/15965550
https://doi.org/10.26719/2004.10.4-5.482
https://doi.org/10.1136/thoraxjnl-2011-200598
https://www.ncbi.nlm.nih.gov/pubmed/21903691
https://doi.org/10.1093/tropej/fml036
https://www.ncbi.nlm.nih.gov/pubmed/16943216
https://doi.org/10.1136/bmjgh-2020-002708
https://www.ncbi.nlm.nih.gov/pubmed/32792409
https://doi.org/10.1136/adc.76.4.310
https://www.ncbi.nlm.nih.gov/pubmed/9166021
https://doi.org/10.1001/jama.2016.2706
https://www.ncbi.nlm.nih.gov/pubmed/26975890
https://doi.org/10.1371/journal.pone.0179641
https://www.ncbi.nlm.nih.gov/pubmed/28671972
https://doi.org/10.1056/NEJM199505253322102
https://www.ncbi.nlm.nih.gov/pubmed/7723795
https://doi.org/10.4269/ajtmh.1996.55.521
https://www.ncbi.nlm.nih.gov/pubmed/8940984
https://www.ncbi.nlm.nih.gov/pubmed/26160089
https://doi.org/10.22038/IJP.2017.25776.2198
https://doi.org/10.1093/tropej/46.5.303
https://www.weforum.org/agenda/2023/04/charted-there-are-more-phones-than-people-in-the-world/
https://doi.org/10.3390/healthcare10122493
https://www.ncbi.nlm.nih.gov/pubmed/36554017
https://doi.org/10.1016/S2214-109X(23)00463-1
https://www.ncbi.nlm.nih.gov/pubmed/37956684

	Introduction 
	Physiology of WOB 
	Measurement of WOB 
	Current Technologies for Objective Measurement of WOB 
	Increased WOB in the Diagnosis of Childhood Pneumonia 

	Discussion 
	Conclusions 
	References

