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Abstract

Primary Hypothesis: We hypothesized that higher alveolar dead space fraction (AVDSf) at PARDS onset would be associated

with right ventricular (RV) systolic dysfunction within the first 24 hours of PARDS. Study Design and Methods: We performed

a retrospective single-center cohort study of PARDS patients with clinically obtained echocardiograms within 24 hours. Primary

exposure was AVDSf at PARDS onset. Primary outcome was RV systolic dysfunction as defined by RV global longitudinal

strain (GLS) (> - 18%). Secondary outcomes included pulmonary hypertension (PH) and RV systolic dysfunction as defined by

other echocardiogram parameters, and measures of oxygenation. Unadjusted and adjusted logistic and linear regression were

used to investigate AVDSf associations with outcomes. Results: Seventy-six patients were included: median age 6.2 years, 50%

female, and 66% with moderate or severe PARDS. Median AVDSf was 0.2 (IQR 0.1-0.3), 32% had RV dysfunction, and 24%

had PH. Unadjusted and adjusted logistic regression showed no association between AVDSf and RV systolic dysfunction or PH

by any echocardiographic measure. Unadjusted and adjusted linear regression demonstrated the association of AVDSf with

both oxygenation index and PaO 2/FiO 2. AVDSf did not discriminate RV dysfunction (AUROC for RV GLS was 0.51, 95%

CI 0.36-0.66). Conclusion: AVDSf at PARDS onset was not associated with RV systolic dysfunction or PH within 24 hours but

was associated with metrics of hypoxemia and may be more reflective of pulmonary causes of ventilation-perfusion mismatch.

Future investigations should focus on clarifying the clinical utility of AVDSf in relation to existing metrics throughout the

course of PARDS.

INTRODUCTION

Pediatric acute respiratory distress syndrome (PARDS) has a high morbidity and mortality rate. While
mortality rates are decreasing over time and vary across regions, overall mortality continues to be between 15-
20%1-3 with multi-organ dysfunction syndrome and refractory shock accounting for up to 60% of mortality4,5.
Right ventricular (RV) systolic dysfunction and pulmonary hypertension (PH) have been independently
associated with worse outcomes in PARDS, presumably by further impairing oxygenation and increasing the
risk of multiple organ dysfunction syndrome6,7. Early detection and treatment of RV dysfunction and/or
PH in PARDS may improve patient outcomes.

The lung physiologic dead space ratio (VD/VT) can be estimated through the Enghoff modification of the
Bohr formula8. This is also known as the alveolar dead space fraction (AVDSf) and is a measure of ventilation-
perfusion mismatch that represents the proportion of inhaled air not participating in gas exchange. It is
an easily obtained clinical variable at the bedside, requiring only measurement of end-tidal carbon dioxide
(PetCO2) and arterial partial pressure of CO2 (PaCO2). AVDSf is low in healthy children and increases in
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. the setting of pulmonary injury and low cardiac output9. Higher AVDSf at the onset of PARDS is associated
with mortality10,11. As it is affected by perfusion abnormalities from intrinsic pulmonary vascular disease,
AVDSf may be a marker for risk of developing RV systolic dysfunction or acute cor pulmonale in adults12.
However, the prognostic utility of AVDSf in PARDS may also be due to lung overdistension, iatrogenic
generation of dead space, or reflect the risks associated with unsafe ventilator pressures. Whether AVDSf is
primarily a marker of decreased pulmonary blood flow in the setting of RV dysfunction or PH or is primarily
a marker of pulmonary overdistension in children with PARDS is unknown.

The primary objective of this study was to determine the association between AVDSf at PARDS onset with
evidence of RV systolic dysfunction by 2D speckle tracking echocardiography. Our hypothesis was that
higher AVDSf at PARDS onset would be associated with evidence of RV systolic dysfunction as measured
by RV global longitudinal strain on clinically obtained echocardiograms within 24 hours of PARDS onset.

MATERIALS AND METHODS

Study Design and Data Source

This was a retrospective analysis of a single-center prospective cohort study as previously described13 who
were admitted with PARDS between July 1, 2012, and April 30, 2018, requiring conventional invasive me-
chanical ventilation, and who had a clinically indicated echocardiogram performed within 24 hours of PARDS
onset. Other inclusion criteria were availability of paired end tidal PetCO2and PaCO2 measurements as well
as echocardiogram images of sufficient quality to perform RV strain analyses. Patients were excluded for
PARDS onset outside of the study center PICU, chronic invasive mechanical ventilation, invasive mechanical
ventilation >7 days, and for respiratory failure primarily secondary to congestive heart failure, fluid over-
load, or exacerbation of chronic lung disease. Patients with paired PetCO2 and PaCO2 values that yielded
a negative AVDSf were also excluded. The study was approved by the Children’s Hospital of Philadelphia’s
(CHOP) Institutional Review Board with a waiver of the need for informed consent.

Definitions

The first qualifying arterial blood gas for the diagnosis of PARDS was used for the AVDSf calculation and
was considered the onset of PARDS for purposes of this study. AVDSf was calculated using the Enghoff
modification of the Bohr formula: AVDSf = (PaCO2 - PetCO2) / PaCO2. Echocardiograms were analyzed
as previously described (Himebauch 2018). Echocardiographic measures of RV systolic function included:
qualitative assessment (normal or mildly, moderately, or severely diminished), fractional area change (FAC),
tricuspid annular plan systolic excursion (TAPSE), RV peak systolic global longitudinal strain (RV GLS),
and RV peak systolic strain (also known as free wall strain). Abnormal FAC was defined as less than
35%. Abnormal TAPSE was defined as a value less than -2 standard deviations below published pediatric
normal values for age14 and calculated through an online calculator (parameterz.blogspot.com). Abnormal
RV GLS and strain were defined as values greater than -18% and greater than -21%, respectively, as less
negative values reflect worse function. As pulmonary arterial catheters are rarely used in clinical practice,
echocardiographic surrogates of pulmonary hypertension were defined as flattening or bowing of the septal
position in systole in the parasternal short-axis view, tricuspid regurgitant velocity > 2.8 m/s2, or RV systolic
pressure estimate greater than ½ systemic systolic pressure at the time of echocardiogram.

Primary Exposure and Outcomes:

The primary exposure was AVDSf at PARDS onset analyzed as a continuous variable. The primary outcome
was RV systolic dysfunction as defined by abnormal RV GLS (dichotomous as defined above). Secondary
outcomes included echocardiogram evidence of pulmonary hypertension and RV systolic dysfunction as
defined by RV strain, TAPSE z-score, FAC, and qualitative assessments as well as measures of oxygenation
including oxygenation index (OI = mPaw x FIO2 x 100 / PaO2) and PaO2/FiO2ratio.

Data Analysis and Power Calculations

Statistical analyses were performed with Stata 16.1 (StataCorp, College Station, TX, USA). Summary data
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. for continuous variables were reported as median with interquartile ranges (IQR) and for categorical varia-
bles as numbers with percentages. Continuous data were compared using the Wilcoxon Rank-Sum test and
categorical data were compared by Fisher exact test. The associations between AVDSf at onset and echocar-
diographic findings within the first 24 hours as well as oxygenation metrics were assessed with univariable
and multivariable logistic regression. Given the relatively small number of patients with echocardiographic
abnormalities, potential confounders were included into the logistic regression model one variable at a time
to not overfit the model. Additional analyses included the use of AVDSf as a binary variable based on various
cutoffs and the use of RV dysfunction measures as continuous variables. To test the ability of AVDSf to dis-
criminate patients with RV systolic dysfunction or PH, area under the receiver operating curves (AUROC)
were calculated. P-values < 0.05 were considered significant for all analyses.

Initial power analysis using the assumptions of abnormal RV GLS rate of 35% in the population and a
difference in AVDSf between groups of 0.15 with a standard deviation of 0.2 resulted in a total population
of 65 patients required for the study (80% power, alpha = 0.05).

RESULTS

During the study timeframe, 115 patients had a clinically performed echocardiogram completed within 24
hours of PARDS onset with 76 patients meeting full inclusion criteria (Figure 1). Median age was 6.2 years
(IQR 1.9-9.8), 50% were male, and 22 patients (32%) were immunocompromised (Table 1). The most common
diagnoses were infectious pneumonia (43%) and sepsis (29%) and the distribution of PARDS severity was:
34% mild, 34% moderate, and 32% severe (Table 1). Median time between PaCO2 and EtCO2values was 15
min and median time from ARDS diagnosis to echocardiogram was 1.2 hours (IQR -4.6 to 4.4). Mortality
was 34%.

Median RV GLS value for the cohort was –21.0% (IQR –24.3 to -16.8) with 24 patients (32%) having
abnormal RV GLS (> -18%). 17 patients (24%) were found to have PH. The median values (IQRs) for other
echocardiographic measures of RV systolic function are displayed in Supplemental Table 1. There were no
differences in the distribution of AVDSf between those with and without abnormal RV GLS or those without
or without echocardiographic evidence of PH (Figure 2).

Unadjusted logistic regression showed no association of AVDSf at onset with the primary outcome of echocar-
diographic evidence of RV systolic dysfunction defined as RV GLS > -18% nor with the secondary outcome
of echocardiographic evidence of PH within 24 hours of PARDS diagnosis (Table 2). This remained true
when adjusting individually for other clinically important covariates including immunocompromised status,
PRISM III score, OI, iNO use, and age (Table 2). Similar analyses showed no association of AVDSf at onset
with other secondary outcomes of echocardiographic measures of RV systolic function (Supplemental Table
2). Sensitivity analyses were performed including the use of AVDSf as a binary variable based on various
cutoffs (0.15, 0.25, and 0.35) and the use of RV dysfunction measures as continuous variables with the re-
gression models showing no association between AVDSf at onset with measures of RV systolic dysfunction
or PH (data not shown).

AVDSf at onset did not discriminate RV systolic dysfunction with AUROC 0.51 (95% CI 0.36-0.66) for ab-
normal RV GLS and AUROC 0.56 (95% CI 0.44-0.73) for PH. Similarly, AVDSf at onset did not discriminate
PH or RV systolic dysfunction as measured by other echocardiographic parameters (Supplemental Figure 1).

AVDSf at onset was associated with secondary outcome measures of oxygenation (OI and P/F ratio) in
both unadjusted and adjusted linear regression models (Table 3). There was no difference in AVDSf at onset
between different ARDS severities (Kruskal-Wallis p=0.3678, Cuzick non-parametric test of trend p=0.214,
Supplemental Figure 2).

DISCUSSION

In this retrospective cohort study of PARDS patients with clinically obtained echocardiograms, there was
no association between AVDSf at PARDS onset and RV systolic dysfunction or pulmonary hypertension
within 24 hours of PARDS diagnosis. AVDSf was, however, associated with measures of oxygenation at
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. PARDS onset, suggesting that the primary determinant of AVDSf was ventilation-perfusion mismatch from
pulmonary overdistension or increased intrapulmonary shunt rather than reduced pulmonary blood flow from
increased pulmonary vascular resistance.

In pediatrics, elevated AVDSf, RV systolic dysfunction, and PH have all been independently associated with
mortality and worse outcomes in PARDS6,7,10,11. As alveolar dead space is increased in low cardiac output
states and in intrapulmonary shunt, elevated AVDSf likely reflects a combination of these physiologies. Our
primary hypothesis was that higher AVDSf would be associated with echocardiographic evidence of RV
systolic dysfunction and PH due to an increase in pulmonary vascular resistance. However, this was not
demonstrated in this cohort of patients who had clinical echocardiograms performed a median of 1.2 hours
from the qualifying arterial blood gas.

AVDSf at onset also did not discriminate echocardiographic measures of RV dysfunction and PH. We did find
associations between AVDSf and secondary outcomes of measures of oxygenation (OI, P/F ratio) at PARDS
onset. It may be that very early during PARDS higher AVDSf could be more reflective of intrapulmonary
shunt as positive pressure is being initiated and titrated to maximize lung recruitment. In one study of
sheep models of early ARDS, increases in estimated AVDSf by PET scans were attributable primarily to
redistribution of perfusion likely related to mechanisms including hypoxic pulmonary vasoconstriction and
gravitational effects with redistribution of perfusion away from non-dependent lung regions with no change
in mean pulmonary artery pressures15. Further, compared to other PARDS cohorts, our study cohort had a
relatively high AVDSf at onset (median 0.2, IQR 0.1-0.3) and had a higher severity of illness. This may have
created selection bias in our sample that could have biased toward the null hypothesis.

One recent adult study demonstrated that increases in AVDSf were associated with relative increases in
echocardiographic surrogates for pulmonary vascular resistance over the course of ARDS12, suggesting that
a changing and increasing AVDSf over time may be an indicator of those who may be at risk for RV systolic
dysfunction. As new or persistent RV systolic dysfunction during the first 8 days of PARDS is associated
with worse outcomes7, future studies in pediatric patients should investigate the longitudinal association of
changing AVDSf as a marker or potential predictor of PARDS-related pulmonary hypertension or subsequent
RV dysfunction. Similar to studies showing that oxygenation metrics and pulmonary mechanics early in
PARDS are not associated with pulmonary injury and outcomes4,13,16, it is possible that using AVDSf at later
time points or the trajectory of AVDSf will have more value, particularly as PARDS pathophysiology evolves
into worsening hypoxemia and/or multiple organ dysfunction syndrome. As pulmonary arterial catheters are
rarely used in modern PARDS management, prospective and protocolized echocardiograms may also allow for
other non-invasive surrogates of elevated pulmonary vascular resistance or RV-pulmonary arterial coupling
to be more fully investigated. Alternatively, it is possible that pulmonary, rather than vascular, physiology
ultimately determines AVDSf. In either case, the clinical utility of AVDSf should be clarified in future studies.

Our study has limitations including its retrospective design and single-center cohort. We selected PARDS
patients who had a clinically obtained echocardiogram and available PetCO2 data, which restricted our
cohort to approximately 22% of the total patients from the PARDS database during the study timeframe.
As discussed above, this resulted in a cohort with a higher severity of illness with bias toward patients more
likely to have hemodynamic instability or specific diagnoses, such as sepsis. Therefore, generalizability to
all PARDS patients may be limited. Another limitation from our retrospective design was the quality of
ETCO2 data available for review. ETCO2 values were directly recorded from the electronic medical record
using the closest value within an hour of the first qualifying blood gas at PARDS onset and had a median
time from blood gas of 15 min. However, it is possible that the ETCO2 value may have changed at the time
of the blood gas. Approximately one-third of the patients with echocardiograms did not have EtCO2 data
available or had an EtCO2 recorded that yielded a negative AVDSf when calculated. Finally, ideally alveolar
dead space as measured by volumetric capnography would also be included as the correlation of alveolar
dead space estimated with that method compared to AVDSf is reduced in patients with hypoxemia8,9.

In this retrospective cohort study, alveolar dead space fraction at PARDS onset was not associated with RV
systolic dysfunction or pulmonary hypertension identified by echocardiography within 24 hours of PARDS

4
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. onset and may be more closely associated with ventilation-perfusion mismatch from pulmonary overdistension
or increased intrapulmonary shunt. Future investigations should focus on clarifying the clinical utility of
AVDSf in relation to existing metrics throughout the course of PARDS.
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. Title page: The \souttitle should be brief (no more than 100 words in length including spaces) and
useful for indexing. All authors’ names with highest academic degree, affiliation of each, but no position or
rank, should be listed. For cooperative studies, the institution where research was primarily done should
be indicated. In a separate paragraph, specify grants, other financial support received, and the granting
institutions (grant number(s) and contact name(s) should be indicated on the title page). If support from
manufacturers of products used is listed, assurances about the absence of bias by the sponsor and principal
author must be given. Identify meetings, if any, at which the paper was presented. The name, complete
mailing address, telephone number, fax number, and e-mail address of the person to whom correspondence
and reprint requests are to be sent must be included. \soutKeywords should also be noted on the title page.
For usage as a running head, provide an abbreviated title (maximum 50 characters) on the bottom of the
title page.

\sout

Summary/Abstract: In accordance with the structure of the article, with or without separate headings,
outline the objectives, working hypothesis, study design, patient-subject selection, methodology, results (in-
cluding numerical findings) and conclusions. The Summary should not exceed the word counts outlined above.
If abbreviations are used several times, spell out the words followed by the abbreviations in parentheses.

\sout

Acknowledgements: Technical assistance, advice, referral of patients, etc. may be briefly acknowledged
at the end of the text under “Acknowledgements.”

\sout

Informed Consent: Informed consent statements, if applicable, should be included in the Methods section.

References/citations: \soutReferences may be included at the end of your text, or uploaded as a sepa-
rate file. Ensure your references are up to date, and include a critical selection from the world literature.
References should be prepared according to CSE (Council of Science Editors) citation-sequence style. Refer
to the Scientific Style and Format: The CSE Manual for Authors, Editors, and Publishers , 8th edition
(University of Chicago Press). Start the listing on a new page, double-spaced throughout.

\sout

Number the references in the sequence in which they first appear in the text, listing each only once even
though it may be cited repeatedly.

\sout

When citing a reference in the text, the style advocated by CSE suggests numbers appear in superscript,
and appear before punctuation marks (commas or periods). In the citation-sequence system, sources are
numbered by order of reference so that the first reference cited in the paper is 1, the second 2, and so on. If
the numbers are not in a continuous sequence, use commas (with no spaces) between numbers. If you have
more than two numbers in a continuous sequence, use the first and last number of the sequence joined by a
hyphen, for example 2,4,6-10.

\sout

In the references, list the first ten authors of the cited paper. If there are more than ten authors, list the first
10 authors followed by ’et al’.

\sout

Journals’ names should be shown by their abbreviated title in Index Medicus .

\sout
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. Manuscripts in preparation or submitted for publication are not acceptable references. If a manuscript “in
press” is used as a reference, a copy of it must be provided with your submission.

Sample references:

Standard journal articleLandau IL, Morgan W, McCoy KS, Taussig LM. Gender related differences in airway
tone in children. Pediatr Pulmonol 1993;16:31-35.

Book with authorsVoet D, Voet JG. 1990. Biochemistry. New York: John Wiley & Sons. 1223 p.

Book with editorsCoutinho A, Kazatch Kine MD, editors. Autoimmunity physiology and disease. New York.
Wiley-Liss; 1994. 459 p.

Chapter from a bookHausdorf G. Late effects of anthracycline therapy in childhood: evaluation and current
therapy. In: Bricker JT, Green DM, D’Angio GJ, editors. Cardiac toxicology after treatment for childhood
cancer. New York: Wiley-Liss; 1993. p 73-86.

For a book reference only include the page numbers that have direct bearing on the work described.

\sout

Keywords: On the title page, supply a minimum of 3 to 5 keywords, exclusive of words in the
title of the manuscript. A guide to medical subject heading terms used by PubMed is available
at http://www.nlm.nih.gov/mesh/MBrowser.html

\sout

Abbreviations: Define abbreviations when they first occur in the manuscript and from there on use only
the abbreviation. Whenever standardized abbreviations are available use those. Use standard symbols with
subscripts and superscripts in their proper place.

\sout

Drug names: Use generic names. If identification of a brand name is required, insert it in parentheses
together with the manufacturer’s name and address after the first mention of the generic name.

\sout

Eponyms: Eponyms (diseases or biologic entities named for persons) should not be used when standard
descriptive terminology is available. Examples include club cells (formerly known as \soutClara cells); and
granulomatosis with polyangiitis (formerly known as Wegener’s granulomatosis). It is permissible to use the
eponym in parenthesis at the first mention of the term in cases in which the eponym is still in common use.

Formatting Specific to Original Research Articles: Divide article into: \soutTitle Page, Summa-
ry/Abstract, Introduction, Materials and Methods, Results, Discussion, and References, starting each section
on a new page. \soutAll methodology and description of experimental subjects should be under Materials
and Methods; results should not be included in the Introduction. Please ensure the following appears in the
appropriate section of your manuscript:

• \sout a concise introductory statement outlining the specific aims of the study and providing a discus-
sion of how each aim was fulfilled;

• \sout a succinct description of the working hypothesis;
• \sout a detailed explanation of assumptions and choices made regarding study design and methodology;
• \sout a description of the reasons for choosing the type and number of experimental subjects (patients,

animals, controls) and individual measurements; if applicable, information about how and why the
numbers may differ from an ideal design (e.g., the number required for achieving 90% confidence in
eliminating Type II error);

• \sout specifics about statistical principles, techniques and calculations employed and, if applicable,
methods for rejecting the null hypothesis;
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. • \sout a concise comparison of the results with those of conflicting or confirmatory studies in the
literature;

• \sout a brief summary of the limitations of the scientific methods and results; and
• \sout a brief discussion of the implications of the findings for the field and for future studies.
• Tables

\sout

Tables should not be included in the Main Document, but submitted as a separate DOC or RTF file. Number
tables with Arabic numbers consecutively and in order of appearance. Type each table double-spaced on a
separate page, captions typed above the tabular material. Symbols for units should be used only in column
headings. Do not use internal horizontal or vertical lines; place horizontal lines between table caption and
column heading, under column headings, and at the bottom of the table (above the footnotes if any). Use
footnote letters (a, b, c, etc.) in consistent order in each table. All tables should be referred to in the text.
Do not submit tables as photographs and do not separate legends from tables.

Images

Image files must be submitted in TIF or EPS (with preview) formats. Do not embed images in the Main
Document. Number images with Arabic numbers and refer to each image in the text. The preferred form is
5 X 7 inches (12.5 X 17.5 cm). Print reproduction requires files for full color images to be in a CMYK color
space.

Please note authors are encouraged to supply color images regardless of whether or not they are amenable
to paying the color reproduction fees. Color images will be published online, while greyscale versions will
appear in print at no charge to the author. See Author Charges below.

Journal quality reproduction requires grey scale and color files at resolutions yielding approximately 300 ppi.
Bitmapped line art should be submitted at resolutions yielding 600-1200 ppi. These resolutions refer to the
output size of the file; if you anticipate that your images will be enlarged or reduced, resolutions should be
adjusted accordingly.

Lettering on images should be of a size and weight appropriate to the content and the clarity of printing must
allow for legibility after reduction to final size. Labeling and arrows on images must be done professionally.
Spelling, abbreviations, and symbols should precisely correspond to those used in the text. Indicate the stain
and magnification of each photomicrograph. Photographs of recognizable subjects must be accompanied
by signed consent of the subject of publication. Images previously published must be accompanied by the
author’s and publisher’s permission.

Image legends should be brief, and included as a separate DOC file under the heading: “Image Legends.”
When borrowed material is used, the source of the image should be shown in parentheses after its legend,
either by a reference number or in full if not listed under References.

Online Supporting Information

Additional non-essential material such as text, appendices, tables, images, video, and soundtrack files may
be submitted for posting as supporting information to an article. The scientific value of such material should
be evident. The material should be submitted simultaneously with the manuscript so that it may undergo
peer review. In naming these files, please note the file names should be preceded by the letter “E.” For
example “E-table 1,“E-image 1,” “E-text,” etc.

Note that supporting online material is not typeset, nor proofread following the review process, so please
ensure the material is accurate and free of typographical errors. Supporting material should be prepared in
the same manner as the print material.

While supporting information does not appear in the print version, a notation is made that supporting
material is available online.
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Hosted file

AVDSf and RV Dysfunction in ARDS Image Legends.docx available at https://authorea.com/users/

482098/articles/568819-alveolar-dead-space-fraction-is-not-associated-with-early-rv-

systolic-dysfunction-in-pediatric-ards
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. Hosted file
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