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BACKGROUND: In ARDS, elevated pulmonary dead-space fraction (VD/VT) is a particularly strong
indicator of mortality risk. Whether the magnitude of VD/VT is modified by the underlying etiology of
ARDS and whether this influences the strength of its association with mortality remains unknown. We
sought to elucidate the impact of ARDS etiology on VD/VT and also to determine whether ARDS
severity, as classified by the Berlin definition, has correspondence with changes in VD/VT. METHODS:
This single-center, retrospective, observational study (2010–2016) measured VD/VT in 685 subjects with
ARDS as part of clinical management with lung-protective ventilation. Volumetric capnography was
used to measure VD/VT with 99% of measurements occurring within 48 h of ARDS onset. Demographic
information as well as illness severity scores and pulmonary mechanics data also were collected. Mul-
tivariate logistic regression modeling was done to assess the strength of association between VD/VT and
mortality. RESULTS: VD/VT was elevated across etiologies, with aspiration and pneumonia having
significantly higher VD/VT than non-pulmonary sepsis or trauma. Differences in the magnitude of
VD/VT across etiologies did not necessarily correspond with mortality between etiologies. However,
within each etiology grouping, VD/VT was significantly elevated in non-survivors versus survivors. The
same results were found in both moderate and severe (but not mild) ARDS using the Berlin definition.
In the final adjusted model, the strongest mortality risk was VD/VT, wherein the risk of death increased
by 22% for every 0.05 increase in VD/VT. CONCLUSIONS: VD/VT magnitude varies by ARDS etiology,
as does mortality. Only in mild ARDS does VD/VT fail to distinguish non-survivors from survivors.
Nonetheless, VD/VT has the strongest association with mortality risk in those with ARDS. Key words:
ARDS; Berlin definition; mechanical ventilation; physiologic dead-space fraction; single-breath test for car-
bon dioxide. [Respir Care 2017;62(10):1241–1248. © 2017 Daedalus Enterprises]

Introduction

Over the past 15 years, it has been demonstrated that,
compared with oxygenation indices, pulmonary dead-space

fraction (VD/VT) both has a stronger association with mor-
tality in ARDS1 and is a more sensitive marker of changes
in pulmonary function in response to therapies aimed at
alveolar recruitment.2 Left unanswered is the possibility
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that alterations in VD/VT associated with ARDS, as well as
its impact on mortality, may vary according to the etiology
of lung injury. This question is based on evidence sug-
gesting that direct versus indirect causes of lung injury

SEE THE RELATED EDITORIAL ON PAGE 1372

possess different pathophysiologic characteristics that might
impact both the progression and outcome of ARDS.3-5 As
part of a post hoc analysis, 2 prior studies6,7 examined whether
VD/VT differed by ARDS etiology and whether etiology in-
fluenced the relationship between impaired CO2 excretion
and mortality. Neither study found differences in VD/VT based
either on etiology or its potential impact on mortality. How-
ever, both studies may have been inadequately powered (with
59 subjects6 and 115 subjects7) to detect these differences.

In addition, the impact of classifying ARDS according
to the Berlin definition8 on VD/VT has not been examined.
As with etiology, the previous study by the ARDS Net-
work Clinical Trials Investigators7 had an insufficient num-
ber of subjects to assess whether the hypoxemia cut-offs
used in the Berlin definition altered the relationship be-
tween VD/VT and mortality.

In the current study, our primary objective was to assess
the impact of ARDS etiology on both the severity of al-
terations in VD/VT and mortality risk. Our secondary ob-
jective was to examine whether VD/VT is influenced by
the Berlin definition categories of mild, moderate, and
severe ARDS. As done with previous studies,1,7 we also ex-
amined the overall value of VD/VT in assessing mortality risk
in ARDS compared with other commonly used variables.

Methods

Data from the 685 study subjects who had dead-space
measurements were obtained from our hospital’s quality
assurance ARDS management database. The database was
initiated in September 2000 following publication of the
landmark ARDS Clinical Trials Network study9 and the
decision to implement standardized ventilator protocols
for patients with, or at-risk for developing, ARDS. In 2004,
the protocol from the ALVEOLI trial10 was also incorpo-
rated as a management option in our protocol. Volume
assist-control ventilation was the primary ventilator mode
utilized when implementing these protocols at our facility.
However, a minority of subjects were managed with either
pressure or dual-mode, continuous mandatory ventilation.

Use of our quality assurance data for research purposes
was approved by the University of California San Fran-
cisco’s institutional review board for human subject pro-
tection with waiver of consent granted. Subjects were
screened and added to the registry by the Respiratory Care
Services quality assurance director only if they met Amer-
ican-European Consensus Conference criteria for ARDS.11

Subjects were retrospectively reclassified according to the
Berlin definition of ARDS.8 Each subject’s medical record
was reviewed to determine the primary source of ARDS
and also whether sepsis was a co-diagnosis (when it was
not the primary cause of lung injury). All subjects classified
with sepsis as the primary source had non-pulmonary origins
(predominantly intra-abdominal or from necrotizing fascii-
tis). Trauma-associated ARDS was classified as being tho-
racic, non-thoracic, or mixed. These subjects were further
differentiated according to the number of organ systems in-
jured (ie, chest, abdomen, orthopedic, brain, soft-tissue/mus-
cle, genital-urinary) and whether subjects received blood prod-
ucts during their resuscitation. Aspiration was assigned as a
diagnosis based on either a witnessed event or high suspicion
without other discernable causes of lung injury.

Measurements

Routine measurements of VD/VT began in early 2010 as
part of implementing one of the ARDS Clinical Trials
Network ventilator protocols.9,10 Measurements of VD/VT

were made within 12 h of protocol initiation. Ninety-seven
percent of measurements occurred on the day of ARDS
onset. An additional 2% of measurements were done within
48 h of ARDS onset, and the remainder were done within
96 h. An arterial blood gas was drawn simultaneously with
mean expired CO2 (PE� CO2

) measured by volumetric cap-
nography (NICO monitor, Philips Respironics, Mur-
raysville, Pennsylvania) as described previously.12 VD/VT

was measured using the Enghoff modification of the
Bohr equation: VD/VT � (PaCO2

� PE� CO2
)/PaCO2

.13

QUICK LOOK

Current knowledge

Since 2002, several studies have found that elevated
pulmonary dead-space fraction (VD/VT) is strongly as-
sociation with mortality in both early and late ARDS.
However, previous studies have not been powered to test
whether VD/VT varies according to either ARDS etiology
or the newer Berlin definition. Moreover, it’s unknown
whether any differences in VD/VT according to these clas-
sifications influence its relationship with mortality.

What this paper contributes to our knowledge

Elevated VD/VT was associated with increased mortal-
ity regardless of ARDS etiology. However, the magni-
tude of abnormalities in VD/VT varied according to
ARDS etiology, and the associated mortality rate differed
among etiologies despite similar VD/VT values. In addi-
tion, only in those classified as having mild ARDS did
VD/VT fail to distinguish non-survivors from survivors.
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Dead-space measurements coincided with a full ventilator-
systems check that included the measurement of expired tidal
volume (VT) (both in mL and relative to predicted body
weight according to the ARDS Clinical Trials Network pro-
tocol),9 end-inspiratory plateau pressure (Pplat), PEEP, mean
airway pressure, and minute ventilation. Consistent with pro-
tocols from prior studies,1,6,7,12 assessments were made only
when subjects were observed to be calm and synchronous
with the ventilator, in the absence of nursing care activities,
and, unless contraindicated, in the semi-recumbent position.

Respiratory system compliance was calculated as
VT/(Pplat � PEEP), which was also recorded to estimate
the elastic driving pressure.14 Arterial pH, PaCO2

, PaO2
, base

deficit, and FIO2
were recorded. Measures of oxygenation

function included PaO2
/FIO2

and the oxygenation index (OI),
which was calculated as the product of mean airway pres-
sure and the percent of inspired oxygen divided by PaO2

.15

In addition, lung injury score,16 Simplified Acute Physiol-
ogy Score II (SAPS II),17 and Acute Physiology and Chronic
Health Evaluation II (APACHE II)18 score were calculated
on the day that protocol management commenced as de-
scribed previously.19 Variables from these scores that were
likely to impact outcomes were added to the statistical mod-
eling used to assess mortality risk (eg, the most abnormal
value for mean blood pressure, creatinine, blood urea nitro-
gen, total bilirubin, platelet count, and white blood cell count).
For quality assurance purposes, mortality was assessed at the
time of hospital discharge.

Statistical Analysis

Statistical analysis was done using either Stata 9.0 (Stata-
Corp, College Station, Texas) or Instat (GraphPad Soft-
ware, La Jolla, California). Continuous variables were ex-
pressed as mean � SD and were compared using either the
unpaired Student t test or Mann-Whitney test. Compari-
sons of continuous variables between ARDS etiologies
and Berlin definition categories were done using one-way
analysis of variance and Tukey-Kramer post-tests. Cate-
gorical variables were compared using Fisher exact tests.

Selected predictor variables that were statistically sig-
nificant or that were of a priori clinical interest were en-
tered into backward, stepwise, multivariate logistic regres-
sion models to test the association of VD/VT with mortality.
For the initial modeling, all variables of interest underwent
a univariate analysis. These variables included VD/VT,
SAPS II, APACHE II, lung injury score, age, sex, Berlin
classification, primary ARDS etiology, sepsis, quartiles of
mean blood pressure, creatinine, blood urea nitrogen, total
bilirubin, platelet count, OI, PaO2

/FIO2
, respiratory system

compliance, VT (mL/kg), Pplat, and elastic driving pressure
(Pplat � PEEP). Those variables achieving a P � .20 were
added into the initial model. The odds ratio for death was
calculated per 0.05 increase in VD/VT, as was done in the
original study by Nuckton et al.1

Results

Overall hospital mortality in this ARDS cohort was 38%,
with non-survivors being significantly older and having
substantially higher APACHE II, SAPS II, and lung injury
scores. Non-survivors were also more likely to have sepsis
as a co-diagnosis, more likely to have met standard co-
morbidity exclusion criteria used by the ARDS Clinical
Trials Network studies,9,10 more likely to have aspiration,
and less likely to have trauma as a primary etiology for
ARDS (Table 1). When assessed according to the new
Berlin definition, substantially more non-survivors were
classified as presenting with severe ARDS compared with
survivors, whereas survivors had higher representations of
mild and moderate cases.

In addition to having higher lung injury score, non-
survivors also demonstrated significantly worse gas ex-
change dysfunction, as evidenced by higher VD/VT and
OI, lower PaO2

/FIO2
, and arterial pH with a greater base

deficit. In terms of pulmonary mechanics, non-survivors had
significantly higher Pplat and Pplat � PEEP despite similar
VT, thus resulting in significantly lower respiratory system
compliance. Although the higher PEEP level in non-survi-
vors was statistically significant, it was clinically irrelevant.

Impact of ARDS Etiology

When assessed according to primary ARDS etiology,
there was a relatively equal distribution of etiologies, with
the most common source being pneumonia (29%), whereas
less common sources (eg, pancreatitis, inhalation injury,
etc.) represented 13% of ARDS cases. ARDS attributed to
aspiration and pneumonia was associated with higher
VD/VT and was statistically significant when those with
aspiration were compared with those with sepsis, trauma,
and other causes. Similar results were found when those
with pneumonia were compared with those with sepsis and
trauma (Table 2). Within each group, VD/VT was signifi-
cantly higher in non-survivors compared with survivors
(Fig. 1).

However, differences in VD/VT between etiologies did
not translate into a consistent pattern of hospital mortality
(Fig. 2). Particularly salient was the fact that, despite as-
piration and pneumonia having similar levels of VD/VT

(67 and 66%, respectively, P � .14), mortality was sub-
stantially lower in pneumonia compared with aspiration
(34% vs 47%, OR 0.80 [0.66–0.98], P � .03). This was
probably accounted for by the fact that subjects with pneu-
monia versus those with aspiration had significantly lower
APACHE II (22.3 � 7.4 vs 28.7 � 8.8, respectively,
P � .001) and SAPS II scores (49 � 16 vs 60 � 19,
respectively, P � .001). Furthermore, even removing
subjects with sepsis from the analysis did not alter the
mortality difference between these groups (30% vs 45% for
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Table 1. Demographic and Physiologic Characteristics of Non-Survivors and Survivors

Variables Non-Survivors Survivors P

n (%) 263 (38) 422 (62)
APACHE II, mean � SD 29.2 � 8.8 21.6 � 7.8 �.001
SAPS II, mean � SD 61.1 � 17.3 45.7 � 15.6 �.001
Age, mean � SD y 56 � 17 48 � 16 �.001
Female sex, n (%) 68 (26) 122 (29) .42
Caucasian, n (%) 98 (40) 174 (43) .51
Asian, n (%) 55 (21) 73 (17) .37
African American, n (%) 53 (20) 76 (18) .62
Hispanic, n (%) 53 (20) 91 (22) .78
Other, n (%) 4 (2) 8 (2) �.99
Met exclusion criteria for RCT, n (%) 141 (55) 142 (34) �.001
Sepsis as co-diagnosis, n (%) 123 (47) 156 (37) .01
HIV/AIDS, n (%) 34 (13) 42 (10) .26
Distribution of subjects by primary etiology of ARDS, n (%)

Pneumonia 67 (25) 131 (31) .12
Sepsis 62 (24) 75 (18) .08
Aspiration 61 (23) 69 (16) .034
Trauma 38 (14) 96 (23) .01
Other 35 (13) 51 (12) .64

Berlin classification and other pulmonary characteristics
Mild, n (%) 23 (9) 71 (17) .003
Moderate, n (%) 105 (40) 225 (53) �.001
Severe, n (%) 135 (51) 126 (30) �.001

LIS, mean � SD 2.97 � 0.54 2.76 � 0.50 �.001
VD/VT, mean � SD 0.68 � 0.11 0.60 � 0.11 �.001
PaO2

/FIO2
, mean � SD mm Hg 118 � 54 142 � 59 �.001

OI, mean � SD 19.5 � 12.2 14.4 � 8.7 �.001
pH, mean � SD 7.29 � 0.12 7.35 � 0.08 �.001
PaCO2

, mean � SD mm Hg 41 � 10 41 � 9 .82
PaO2

, mean � SD mm Hg 89 � 36 103 � 43 �.001
Base deficit, mean � SD mEq/dL �6.4 � 6.9 �2.6 � 6.0 �.001
FIO2

, mean � SD 0.80 � 0.19 0.76 � 0.20 .01
PEEP, mean � SD cm H2O 11 � 4 10 � 3 �.001
Pplat, mean � SD cm H2O 27 � 6 24 � 5 �.001
Pplat � PEEP, mean � SD cm H2O 16 � 5 14.0 � 4 �.001
P� aw, mean � SD cm H2O 18 � 5 16 � 4 �.001
VT, mean � SD mL 407 � 80 414 � 94 .30
VT, mean � SD mL/kg PBW 6.6 � 1.9 6.5 � 1.1 .18
V̇E, mean � SD L/min 11.2 � 3.1 10.3 � 2.8 �.001
CRS, mean � SD mL/cm H2O 28 � 9 31 � 9 �.001

APACHE � acute physiology and chronic health evaluation score
SAPS � simplified acute physiology score
RCT � randomized controlled trial
HIV/AIDS � human immunodeficiency virus/acquired immunodeficiency syndrome
LIS � lung injury score
VD/VT � physiologic dead-space fraction
OI � oxygenation index
Pplat � end-inspiratory plateau pressure
P� aw � mean airway pressure
VT � tidal volume
PBW � predicted body weight
V̇E � minute ventilation
CRS � respiratory system compliance
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pneumonia and aspiration, respectively, OR 0.53 [0.30–0.95],
P � .042). Moreover, when mortality for each etiologic cat-
egory was compared with that of the entire study sample,
only mortality in trauma-associated ARDS was significantly
lower (28% vs 38%, OR 0.62 [0.41–0.93], P � .02).

In trauma-associated ARDS, lung injury was catego-
rized as direct (13%), indirect (20%), or mixed mechanism
(67%). However, VD/VT was not different between injury
mechanism (0.55 � 0.11, 0.53 � 0.09, and 0.56 � 0.12,
respectively, P � .34). The only salient difference in VD/VT

was found when analyzing subjects according to the num-
ber of injured organ systems. Classifying subjects accord-

ingly yielded VD/VT values of 0.51 � 0.09 (1 system),
0.57 � 0.12 (2 systems), 0.56 � 0.11 (3 systems), and
0.60 � 0.13 (�4 systems). VD/VT was only different be-
tween those with 1 versus �4 systems (P � .038). Fur-
thermore, only subjects with single-organ system injury
(eg, those with chest injury and isolated brain injury) was
large enough to allow comparison. Despite the diverse
nature of injury mechanism, VD/VT was not different
(0.50 � 0.06 vs 0.55 � 0.09, respectively, P � .27). In
addition, VD/VT was not different between those requiring
transfusions and those who did not (0.56 � 0.12 vs
0.55 � 0.10, respectively, P � .31).

Table 2. Measurements of Pulmonary Function by Sub-Groups of ARDS Etiology

Variables Aspiration Pneumonia Sepsis Trauma Other

n (%) 130 (19) 198 (29) 137 (20) 134 (20) 86 (13)
VD/VT, mean � SD 0.67 � 0.12 0.66 � 0.10* 0.61 � 0.12†‡ 0.56 � 0.12†§ 0.62 � 0.13�‡
PaO2

/FIO2
, mean � SD mm Hg 117 � 57¶** 130 � 57†† 139 � 56 149 � 60 127 � 54††

OI, mean � SD 19.9 � 12.3 16.3 � 9.6‡‡ 14.1 � 7.4§§�� 14.1 � 9.2§§�� 18.2 � 13.5
CRS, mean � SD mL/cm H2O 31 � 9 30 � 9†† 30 � 10 33 � 9 28 � 10††
Pplat, mean � SD cm H2O 26 � 7†† 25 � 5 25 � 5 24 � 6 26 � 5††
PEEP, mean � SD cm H2O 11 � 4 11 � 4 10 � 3� �� 11 � 4 11 � 4
Pplat � PEEP, mean � SD cm H2O 15 � 5 15 � 4†† 15 � 5†† 13 � 4 15 � 4
VT, mean � SD mL/kg 6.6 � 1.4 6.5 � 1.0 6.6 � 0.9 6.3 � 0.8 6.9 � 3.0††
V̇E, mean � SD L/min 10.9 � 3.1 10.7 � 3.0 11.1 � 2.9†† 10.0 � 2.8 10.3 � 2.8

* P � .001 versus sepsis.
† P � .001 versus aspiration.
‡ P � .001 versus trauma.
§ P � .001 versus pneumonia.
� P � .01 versus aspiration.
¶ P � .05 versus sepsis.
** P � .001 versus trauma.
†† P � .05 versus trauma.
‡‡ P � .05 versus aspiration.
§§ P � .01 versus aspiration.
�� P � .05 versus other.
CRS � respiratory system compliance
OI � oxygenation index
PaO2/FIO2 � ratio of arterial oxygen partial pressure-to-inspired oxygen fraction
Pplat � end-inspiratory plateau pressure
VD/VT � physiologic dead-space fraction
VT � tidal volume
V̇E � minute ventilation

Fig. 1. Differences in dead-space fraction between non-survivors
and survivors according to ARDS etiology.

Fig. 2. Comparisons of dead space (expressed as a percentage)
and hospital mortality rate according to ARDS etiology.
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Influence of Berlin Definition

When assessed by the Berlin definition, both VD/VT and
mortality increased with increasing ARDS severity (Fig.
3). Mortality was not significantly different between mild
and moderate ARDS (24% vs 32%, respectively, OR 0.69
[0.41–1.17], P � .20), However, it was significantly higher
in subjects with severe versus mild ARDS (52% vs 24%,
respectively, OR 0.30 [0.18–0.51], P � .001) and higher
in severe versus moderate ARDS (52% vs 32%, OR 0.44
[0.31–0.61], P � .001). Likewise, VD/VT increased signif-
icantly with ARDS severity (P � .03 for mild vs moderate,
and P � .01 for both mild vs severe and moderate vs severe).
Moreover, differences in Pplat � PEEP steadily increased
between mild, moderate, and severe ARDS (13 � 2, 14 � 4,
and 16 � 5 cm H2O, respectively, P � .001).

When comparisons were made within each Berlin cat-
egory, VD/VT was significantly higher among non-survi-
vors only in the moderate and severe groups (Table 3). In
contrast, PaO2

/FIO2
did not differentiate non-survivors from

survivors in any of the groups but did approach signifi-
cance in those with severe ARDS. Similarly, both respi-
ratory system compliance and OI differentiated non-sur-
vivors from survivors only in those with severe ARDS. VT

was not different between non-survivors and survivors in
any of the groups. Differences in Pplat � PEEP between
non-survivors and survivors were only apparent in those
with either moderate or severe ARDS (see Table 3).

Influence of Comorbidities

Non-survivors also were disproportionately character-
ized as having comorbidities that would disallow their
participation in randomized controlled treatment trials for
ARDS. Those who met ARDS Clinical Trials Network
exclusion criteria had significantly higher SAPS II,
APACHE II, and lung injury scores compared with those
who met enrollment criteria. However, VD/VT did not dis-

tinguish those meeting exclusion criteria versus those meet-
ing enrollment criteria (see the supplementary materials at
http://www.rcjournal.com).

Dead Space and Mortality

In the final adjusted model, the significant predictors
of mortality included age, SAPS II, and total bilirubin.
Pulmonary-specific predictors of mortality included OI,
Pplat � PEEP, and VD/VT (Table 4). Of these, the stron-
gest association with mortality was VD/VT, where the
risk of death increased by 22% for every 0.05 increase
in VD/VT (OR � 1.22, 95% CI 1.11–1.35, P � .001).

Discussion

The main finding of the present study is that direct causes
of lung injury (aspiration and pneumonia) are associated with
significantly higher VD/VT than indirect causes (non-pulmo-
nary sepsis), and VD/VT was a significant predictor of mor-
tality in subjects with either direct or indirect etiologies of
ARDS. A novel finding was that ARDS etiologies with sim-
ilar magnitudes of VD/VT did not demonstrate similar rates of
mortality. The most salient of these was the markedly lower
mortality among subjects with pneumonia versus aspiration
despite small differences in VD/VT. This is probably explained
by the fact that those with aspiration were more severely ill,

Fig. 3. Comparisons of dead space (expressed as a percentage)
and hospital mortality rate according to the Berlin definition of
ARDS as either mild, moderate, or severe.

Table 3. Measurements of Pulmonary Function and Mortality by
ARDS Severity

Categories and Variables Non-Survivors Survivors P

Mild
VD/VT 0.60 � 0.10 0.56 � 0.12 .16
PaO2

/FIO2
, mm Hg 238 � 28 240 � 30 .67

OI 6.0 � 1.9 6.7 � 3.8 .44
CRS, mL/cm H2O 34 � 11 32 � 10 .55
Pplat � PEEP, cm H2O 13 � 5 13 � 4 .95

Moderate
VD/VT 0.65 � 0.11 0.58 � 0.11 �.001
PaO2

/FIO2
, mm Hg 143 � 29 145 � 30 .64

OI 12.8 � 4.7 11.5 � 3.8 .13
CRS, mL/cm H2O 30 � 10 32 � 10 .13
Pplat � PEEP, cm H2O 15 � 5 14 � 4 .03

Severe
VD/VT 0.71 � 0.10 0.64 � 0.10 �.001
PaO2

/FIO2
, mm Hg 78 � 17 81 � 14 .09

OI 27.0 � 12.7 23.9 � 9.0 .02
CRS, mL/cm H2O 26 � 8 30 � 8 �.001
Pplat � PEEP, cm H2O 17 � 5 15 � 4 .004

Results are mean � SD.
VD/VT � physiologic dead-space fraction
OI � oxygenation index
CRS � respiratory system compliance
Pplat � end-inspiratory plateau pressure
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as indicated by higher APACHE II and SAPS II scores. More-
over, the present study reaffirmed that elevated VD/VT has
the strongest association with mortality in subjects with ARDS
as compared with numerous other prediction tools and vari-
ables. This finding is consistent with our previous reports.1,7

When examined according to the Berlin definition,
VD/VT was significantly greater as ARDS severity in-
creased; however, the differences in VD/VT between mild
and moderate forms were minor. This coincided with the
fact that mortality was not significantly different between
mild and moderate ARDS. Moreover, mild ARDS was the
only tested condition wherein VD/VT did not distinguish
non-survivors from survivors.

An explanation for the differences in VD/VT between
ARDS etiologies is not readily apparent. We had previ-
ously posited that elevated VD/VT and its strong associa-
tion with mortality was probably an indicator of the extent
of endothelial injury and pervasive pulmonary vascular
obstruction.1,7 This in turn might increase the likelihood of
developing cor pulmonale, which is known to increase
mortality risk in ARDS.20 Therefore, it was inviting to
predict that ARDS associated with non-pulmonary sepsis
would be more likely to exhibit greater derangement in
VD/VT than other causes. However, the results of this study
suggest a more complex pathophysiologic process.

The reason why VD/VT was substantially higher in aspi-
ration and pneumonia versus non-pulmonary sepsis is unclear
based upon our data. However, a recent study21 of local al-
veolar gas dynamics in experimental ARDS using advanced
microimaging techniques may provide some insight to our
finding. Within minutes of inducing ARDS in animal mod-
els, the investigators observed the emergence of both pro-
nounced pendelluft motion and a phenomenon they described
as “alveolar stunning,” whereby alveoli maintained an in-
flated state but did not appear to participate in ventilation.

The most severe dysfunction occurred in acid-induced ARDS
and resulted in marked gas-exchange dysfunction. Although
this phenomenon appeared to be transient nonetheless it suggests
thatamorecomplexarrayofpathophysiologicmechanismsmight
be present in ARDS than previously appreciated.

The significantly lower VD/VT and mortality rate in trau-
ma-associated ARDS is consistent with other studies that
have found a lower mortality in trauma-associated ARDS.22

Given the widely diverse mechanisms of traumatic injury (eg,
isolated brain injury vs chest trauma), it was unexpected that
our data did not demonstrate salient differences in dead space
by traumatic etiology, and although VD/VT was highest in
those with multiple-organ system injuries (ie, 4 or more), the
magnitude of VD/VT generally did not approach that ob-
served in other etiologies. This raises the question of whether
trauma-associated ARDS is a relatively self-limiting form of
lung injury, as others have suggested.3

Finally, the robust relationship between VD/VT and mor-
tality in this study, as in previous reports, may in part be
explained by the fact that CO2 is approximately 20 times
more diffusible across tissues than O2, thus making it highly
perfusion-sensitive.2 Therefore, impaired CO2 excretion prob-
ably reflects the magnitude of ventilation-perfusion mismatch-
ing in ARDS (a potential signifier of microvascular injury,
regional lung overdistention, and perhaps pronounced pen-
delluft motion and stunning at the alveolar level). In addition,
VD/VT, as determined by the Enghoff-Bohr equation, is in-
fluenced by the degree of intrapulmonary shunt.23 Thus,
VD/VT may provide a more comprehensive representation of
overall lung injury. In turn, as the severity of ARDS in-
creases, so too does the likelihood of developing ventilator-
induced lung injury, cor pulmonale, multi-organ system fail-
ure, and ventilator-associated pneumonia all of which increase
mortality risk. Therefore, VD/VT should be understood as
simply a marker by which to assess both the severity of the
syndrome and its response to therapy. In other words, the
goal of some therapies in ARDS should not be to reduce
VD/VT per se, but to reduce alveolar overdistention and re-
store functional residual capacity to the extent possible, which
in turn is reflected in improved VD/VT.

The principle limitations of this study are the retrospective
design and single-center enrollment. Despite these limitations,
it is the largest observational study of VD/VT in ARDS using
lung-protective ventilation to date. The different etiologies of
ARDS are well represented and evenly distributed. More-
over, the results of this study are consistent with the findings
of previous studies1,6,7,24-29 that VD/VT is a particularly robust
signifier of mortality risk in ARDS.

Conclusions

In summary, in early ARDS, VD/VT differs according to
both etiology and injury severity according to the new
Berlin definition. VD/VT tends to be higher in direct causes

Table 4. Mortality as a Function of Dead-Space Fraction by Both
Unadjusted and Adjusted Analyses

Models and Variables OR* 95% CI P

Unadjusted
VD/VT 1.38 1.28–1.49 �.001

Adjusted
VD/VT 1.22 1.11–1.35 �.001
Pplat � PEEP 1.06 1.01–1.10 .01
OI 1.03 1.01–1.05 .004
Age 1.03 1.02–1.04 �.001
SAPS II 1.02 1.00–1.04 .046
Total bilirubin 1.02 1.01–1.03 �.001

* Odds ratio per 0.05 increase in physiologic dead-space fraction.
VD/VT � physiologic dead-space fraction
Pplat � end-inspiratory plateau pressure
OI � oxygenation index
SAPS � simplified acute physiology score
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of ARDS (eg, aspiration and pneumonia) as compared
with indirect causes (eg, sepsis). With the exception of
mild ARDS, VD/VT was significantly elevated in non-
survivors compared with survivors. In multivariate logistic
regression modeling, after controlling for all other variables,
VD/VT had the strongest association with mortality risk.
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et al. Prognostic value of different dead space indices in mechanically
ventilated patients with acute lung injury. Chest 2008;133(1):62-71.

25. Cepkova M, Kapur V, Ren X, Quinn T, Zhuo H, Foster E, et al.
Pulmonary dead space fraction and pulmonary artery systolic pres-
sure as early predictors of clinical outcome in acute lung injury.
Chest 2007;132(3):836-842.

26. Raurich JM, Vilar M, Colomar A, Ibáñez J, Ayestarán I, Pérez-
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