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Background: CT scanning is increasingly used to characterize COPD. Although it is possible to
obtain CT scan-measured lung lobe volumes, normal ranges remain unknown. Using COPDGene
data, we developed reference equations for lobar volumes at maximal inflation (total lung capacity
[TLC]) and relaxed exhalation (approximating functional residual capacity [FRC]).

Methods: Linear regression was used to develop race-specific (non-Hispanic white [NHW], African
American) reference equations for lobar volumes. Covariates included height and sex. Models
were developed in a derivation cohort of 469 subjects with normal pulmonary function and vali-
dated in 546 similar subjects. These cohorts were combined to produce final prediction equations,
which were applied to 2,191 subjects with old GOLD (Global Initiative for Chronic Obstructive
Lung Disease) stage II to IV COPD.

Results: In the derivation cohort, women had smaller lobar volumes than men. Height positively
correlated with lobar volumes. Adjusting for height, NHWs had larger total lung and lobar volumes
at TLC than African Americans; at FRC, NHWs only had larger lower lobes. Age and weight had
no effect on lobar volumes at TLC but had small effects at FRC. In subjects with COPD at TLC,
upper lobes exceeded 100% of predicted values in GOLD II disease; lower lobes were only
inflated to this degree in subjects with GOLD 1V disease. At FRC, gas trapping was severe irre-
spective of disease severity and appeared uniform across the lobes.

Conclusions: Reference equations for lobar volumes may be useful in assessing regional lung
dysfunction and how it changes in response to pharmacologic therapies and surgical or endo-
scopic lung volume reduction. CHEST 2013; 143(6):1607-1617

Abbreviations: AA = African American; FRC = functional residual capacity; GOLD = Global Initiative for Chronic
Obstructive Lung Disease; HU = Hounsfield Units; LLL = left lower lobe; LUL = left upper lobe; NHW = non-Hispanic
white; %LAA-856 =% of total lung volume falling below an attenuation threshold of —856 Hounsfield Units on expiratory
CT scan; %LAA-950 = % of total lung volume falling below an attenuation threshold of —950 Hounsfield Units on inspi-
ratory CT scan; RLL = right lower lobe; RML = right middle lobe; RUL = right upper lobe; TLC = total lung capacity

COPD is characterized by emphysematous destruc-
tion of the lung parenchyma and remodeling of
the distal small airways.'> Emphysema is associated
with hyperinflation, and the combination of emphy-
sema and airway disease leads to gas trapping on
exhalation. The degree to which these abnormalities
exist for the whole lung can be easily assessed by either
plethysmographic- or helium dilution-based measures
of lung volume and regression models for predicted
values derived from populations of healthy nonsmokers.*
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However, given that the abnormalities associated with
COPD pathology are not homogeneous, measures
capable of assessing regional lung volumes and dys-
function rather than providing “averages™ over the
entire lung may provide useful information for devel-
oping and monitoring targeted therapy.

CT scanning is increasingly used for clinical, epide-
miologic, and genetic investigations of COPD.56 Using
readily available tools, investigators can now report
regional and lobe-specific measures of emphysema
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(ie, percent of lobe that is emphysematous) and volume.™
These measures are commonly reported in clinical
investigation and have been shown to correlate with
spirometric and clinical measures of disease.®!2 Lit-
tle attention has been paid, however, to using chest
CT scans to determine the normal range of lobe vol-
umes at full inflation and relaxed exhalation. Once
such models have been developed, investigators could
then determine the absolute amount of lobe-specific
hyperinflation present on the inspiratory scan (ie, how
much lobe volume exceeds predicted at full inflation)
and the lobe-specific volume of gas trapped on an
expiratory CT image.

Using data from the COPDGene study, we devel-
oped lobe-specific models of CT scan-measured vol-
ume at both maximal inflation (total lung capacity
[TLC]"*) and relaxed exhalation (approximating func-
tional residual capacity [FRC]) in normal subjects.
We then applied these models to subjects with COPD
as a means of quantifying the extent of lobar disease.

MATERIALS AND METHODS

COPDGene (www.copdgene.org) is a National Heart, Lung, and
Blood Institute-funded, multicenter, observational study designed
to identify genetic factors associated with COPD and characterize
the disease process using high-resolution CT scanning.!s Current
and former smokers between the ages of 45 and 80 years with at
least a 10 pack-year history of smoking were recruited at 21 clin-
ical centers in the United States. Subjects were non-Hispanic white
(NHW) or African American (AA). Additionally, a small cohort of
nonsmoking control subjects was recruited as part of the study.
All subjects underwent pre- and postbronchodilator spirometry
according to American Thoracic Society standards'® and whole-
lung volumetric inspiratory (full inspiration) and expiratory (at end
of relaxed exhalation) CT scanning as previously described.!517.18
Briefly, images were acquired using multidetector CT scanners
(at least 16 detector channels) and reconstructed using submilli-
meter slice thickness and a smooth kernel. The following analyses
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were performed on segmented lung images using Pulmonary
Workstation 2 software (VIDA Diagnostics, www.vidadiagnostics.
com): total lung inspiratory and expiratory volumes, lobar inspi-
ratory and expiratory volumes, percentage of total lung and lobar
emphysema (% of lung volume below an attenuation threshold
of —950 Hounsfield units [HU] on inspiratory CT scan [%LAA-950]),
and percentage of total lung gas trapping (% of lung volume
below —856 HU on expiratory CT scan [%LAA-856]). Demographic
information and anthropometrics were also collected. The
COPDGene study was approved by the institutional review board
at each center, and all participants provided written informed con-
sent. The current analysis was approved by the Partners HealthCare
Institutional Review Board (2007P-000554).

Model Development Cohort (Normal Subjects)

The derivation cohort consisted of 92 nonsmoking control sub-
jects with no known lung disease! and 377 smokers from the first
2,500 COPDGene subjects (January 2011 COPDGene data set)
with normal spirometry (postbronchodilator FEV /FVC > 0.7
and FEV, >80% predicted), a race-adjusted CT scan-measured
TLC % predicted between 90% and 110%, no self-reported phy-
sician diagnosis of asthma, no symptoms consistent with chronic
bronchitis,? and no interstitial abnormalities on CT scan.2!

The validation cohort was composed of 546 smokers, from the
final COPDGene cohort (10,300 subjects, April 2012 COPDGene
data set) who had complete CT scan-measured lobar volume data
and who were not part of the derivation group. Subjects in this
cohort also met the previously described criteria for normality.

Study Cohort (Subjects With COPD)

This cohort consisted of 2,191 subjects enrolled in the final
COPDGene cohort (April 2012 COPDGene data set). Subjects
had (1) old GOLD (Global Initiative for Chronic Obstructive
Lung Disease)?* stage II or higher fixed airflow obstruction
(postbronchodilator FEV,/FVC<0.7 and FEV, <80% predicted),
and (2) complete quantitative CT scan measurements of lobar
volumes.

Statistical Analysis

Using linear regression, we examined the effects of various
demographic and anthropometric factors on CT scan-measured
lobar volumes in our derivation cohort. Next, using the same
cohort, we used linear regression to create race-specific reference
equations for lobar volumes—Ileft lower lobe (LLL), left upper
lobe (LUL), right lower lobe (RLL), right middle lobe (RML),
and right upper lobe (RUL)—at TLC and FRC. We examined the
distributions of CT scan-measured total lung volume at FRC,
CT scan-measured total lung volume at TLC, and the ratio of
these two values (FRC/TLC). The distributions of both total lung
volume at FRC and FRC/TLC had outliers at the upper end of
their distributions. To guarantee that outliers did not influence the
results, we only used subjects with the middle 95% of FRC/TLC
observations to estimate regression models for lobar volumes at
FRC.» Model covariates were chosen based on factors previously
shown to impact lung volumes,*2+2" their possible biologic con-
nection to lobar volume, and their empirical association with lobar
volumes. We assessed the reliability of our reference equations in
the validation cohort using a cross-validation analysis.2s For con-
sistency, in this cohort we also trimmed subjects with the upper and
lower 2.5% of FRC/TLC values from our lobar volume assess-
ments at FRC. Because the models estimated from the derivation
cohort resulted in predicted values for the validation cohort that
agreed with the observed values, and subsequent residual diag-
nostics showed the derivation cohort models were appropriate in
the validation cohort, we pooled the data from these two cohorts
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A
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FIGURE 1. Consort diagram detailing selection of the model derivation cohort. AA = African American;
GOLD = Global Initiative for Chronic Obstructive Lung Disease; GOLD U =FEV, <80% predicted
with a preserved FEV /FVC ratio (FEV/FVC=0.7); ILA = interstitial lung abnormality; NHW = non-
Hispanic white; TLC = total lung capacity (measured on CT scan).

and report the coefficient estimates based on the combined data.2s
Finally, using these lobar volume reference equations, we deter-
mined the degree and distribution of lobar hyperinflation and
lobar gas trapping in the study cohort by comparing the pre-
dicted and CT scan-measured values for lobar volumes at TLC and
FRC, respectively. For all analyses, a P value <.05 was consid-
ered significant. Data analysis was performed using SAS, version 9.2
(SAS Institute Inc).

RESULTS

Out of the first 2,500 COPDGene subjects, 469 formed
the derivation cohort (Fig 1). Table 1 summarizes
the characteristics of the derivation cohort used to
create our initial reference equations. Importantly, both
races in this cohort had minimal low attenuation areas
(%LAA-950) and gas trapping (%LAA-856 on expira-
tory CT scan) well within the normal range.?

In this cohort of normal subjects, men had signifi-
cantly larger lungs and diffusely larger lobar volumes
than women at both TLC and FRC. To determine
whether these findings were due to a true sex effect
on lobar volumes rather than a height effect, as men
tend to be taller than women, we adjusted for height
and still found that men had significantly larger total
and lobar lung volumes than women at TLC and FRC
(P <.0001 for all lobes at TLC, P =.003 for all lobes
at FRC) (e-Table 1).

In normal subjects at TLC, NHW subjects had sig-
nificantly larger total lung, lower lobe, and RML vol-
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umes than AA subjects. Upper lobe volumes were
similar between the races. At FRC, NHW subjects
tended to have larger lower lobes than AA subjects
(relationship significant in the RLL, P= .08 in the LLL),
whereas AA subjects tended to have larger upper
lobes (relationship significant in the RUL, P =.06 in

Table 1—Characteristics of Subjects in the Derivation

Cohort

Characteristic NHW (n = 386) AA (n=83)
Age,y 61 (54-67) 51 (48-55)
Female sex, No. (%) 216 (56) 35 (42)
Height, cm 168.7 (161.5-175.3) 170.4 (162.9-177.8)
VVeight, kg 80.0 (67.0-91.0) 83.0 (71.0-90.5)
BMI, kg/rnz 27.8 (24.1-31.5) 27.0 (24.7-30.7)
Current smoker, No. (%) 92 (24) 73 (88)
Pack—y 29 (11-44) 33 (21-42)
FEV, % predicted 97 (90-106) 101 (92-114)
%1.AA-950 2.5(0.9-4.9) 1.7 (0.6-2.9)
CT scan-measured TLC, 99 (94-105) 96 (92-102)

% predicted
%LAA-856 on expiratory  10.7 (5.8-15.6) 10.0 (3.9-17.6)

CT scan®

Data presented as medians and interquartile ranges unless otherwise
specified. AA = African American; NHW = non-Hispanic white; %LAA-
856 = percentage of low attenuation area (< —856 Hounsfield units)
on expiratory CT scan; %LAA-950 = percentage of low attenuation
area (< —950 Hounsfield units) on inspiratory CT scan; TLC = total
lung capacity.

*Missing data for 23 NHW, 5 AA.
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FIGURE 2. A, Relationship between age and RUL volume at TLC (M, =1.01, P = .43) and FRC (gray
squares, B=1.42, P=.09). B, Relationship between age and RLL volume at TLC (B, 3=0.11, P =.95)
and FRC (gray squares, B=2.35, P = .002). FRC = functional residual capacity; RLL = right lower lobe;
RUL =right upper lobe. See Figure 1 legend for expansion of other abbreviation.

the LUL). There was no significant difference in total
lung volume at FRC between the races. After adjust-
ing for height, total lung volume and all lobes were
significantly larger in NHW subjects at TLC. At FRC,
the lower lobes were significantly larger in NHW sub-
jects, but the upper lobes and middle lobe were not
significantly different between the races (e-Table 2).
Figure 2 demonstrates the relationship between
age and CT scan-measured lobar volume in normal
subjects at TLC and FRC for the RUL (Fig 2A) and
the RLL (Fig 2B). Age had no effect on lobar volume
at TLC in either lobe. At FRC, older age was associ-
ated with a higher RLL volume, although the effect
was very small (2.3 mL/y increase in RLL volume,
P =.002); the relationship between age and RUL vol-
ume was nonsignificant. Similar relationships were
seen for the LLL and LUL at both TLC and FRC.
Height was positively correlated with all lobar volumes
at both TLC and FRC (Fig 3); height had a greater
effect on lobar volumes at TLC than FRC. On univar-
iate analysis, heavier weight was associated with larger

1610

volumes in all lobes at both TLC and FRC. After
adjusting for height (to ensure that heavier subjects
were not simply taller), weight did not have a signifi-
cant effect on any lobar volume at TLC. At FRC, how-
ever, after adjusting for height, increased weight was
significantly associated with decreased lobar volume
(effect estimates ranged from —0.8 to —1.8 mL/kg)
in all lobes except the RML and the LLL.

Using the derivation cohort, race-specific prediction
equations for lobar volumes at TLC and FRC were
created (e-Tables 3, 4, respectively). Covariates for
TLC equations included height and sex. For NHW
subjects, height explained the majority of the variance
in lobar volumes. For AA subjects, height explained
the majority of the variance in volume only in the
lower lobes, whereas sex explained the majority of the
variance in the other lobes. Covariates for the FRC
equations included height and sex. Although age and
weight were associated with some lobar volumes at
FRC, they were not included in the prediction equa-
tions because they explained very little of the variance
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FIGURE 3. A, Relationship between height and RUL volume at TLC (l, 3=19.2, P <.0001) and FRC
(gray squares, B=9.6, P <.0001). B, Relationship between height and RLL volume at TLC (M, =242,
P <.0001) and FRC (gray squares, B=8.8, P<.0001). See Figure 1 and 2 legends for expansion of

abbreviations.

(0.15%-3%) in lobar volume. As for TLC, height
explained the majority of the variance in lobar vol-
umes for NHW subjects, whereas it explained the
majority of variance only in lower lobe volumes for
AA subjects.

Assembly of the validation cohort is outlined in
Figure 4. After confirming the reliability of our lobar
volume regression models in this group, we combined
the derivation and validation cohorts to produce our
final reference equations (Tables 2, 3).

Finally, we compared predicted with measured lobar
volumes at TLC and FRC in this study cohort. This
cohort was composed of 1,069 subjects with GOLD II
(860 NHW, 209 AA), 727 subjects with GOLD III
(617 NHW, 110 AA), and 395 subjects with GOLD IV
(348 NHW, 47 AA). Figure 5 shows lobar hyperinfla-
tion ([measured lobar volume at TLC/predicted lobar
volume at TLC] X 100) by GOLD stage for NHWs
(Fig 5A) and AAs (Fig 5B). As expected, with increas-
ing GOLD stage, both the upper lobes and the lower
lobes progressively enlarge. In both races, the upper
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lobes exceed 100% of the predicted volume even in
subjects wtih GOLD II, whereas in the lower lobes only
subjects with GOLD 1V exceed 100% of the predicted
volume. Overall, the pattern of hyperinflation appears
relatively consistent between the races. Additional
data available in the online supplement demonstrate
a statistically significant correlation between lobar
volume and lobar percent emphysema at each GOLD
stage (e-Tables 5, 6). Figure 6 shows lobar gas trap-
ping ([measured lobar volume at FRC/predicted lobar
volume at FRC] X 100) by GOLD stage for NHWs
(Fig 6A) and AAs (Fig 6B). There is progressive gas
trapping with subsequent GOLD stages; however,
even GOLD II subjects exhibit significant gas trap-
ping. As with hyperinflation, the pattern of gas trapping
with progressive disease appears similar in both races.

Di1scussioN

Using data from the multicenter COPDGene study,
we developed novel reference equations to predict

CHEST /143 /6 /JUNE 2013 1611


http://journal.publications.chestnet.org

Final COPDGene data set (N=10300)
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|

Incomplete lobar volume data

(N=649)

VALIDATION COHORT
N=546
(369 NHW, 177 AA)

FIGURE 4. Consort diagram detailing selection of the model validation cohort. See Figure 1 legend for

expansion of abbreviations.

normal CT scan-measured lung lobe volumes at full
inflation and relaxed exhalation in NHW and AA
without COPD. We then considered a cohort of sub-
jects with COPD and compared measured anatomic
CT scan-measured lobar volumes with equation-
derived nominal values, thereby allowing physiologic
(hyperinflation and gas trapping) assessment. We
showed the ability to define regional lung dysfunction
and how it correlates with disease severity.

Our analyses relating epidemiologic and anthropo-
metric variables with CT scan-measured lobar volumes

in normal subjects yielded results consistent with pre-
viously published data correlating these variables with
pulmonary function and roentgenographic measures
of whole lung volumes.*2+2630 We confirmed a sex
effect on lung volumes, with women having universally
smaller lobar volumes than their male counterparts.
We also confirmed a significant effect of height on all
lobar volumes.

Not all variables affected lung lobes uniformly.
Similar to prior studies,?? after height adjustment,
NHWs had larger total lung and lobar volumes at full

Table 2—Prediction Equations for Lobar Volume at Full Inflation by Race: Derivation Cohort and Validation Cohort

Lobe Prediction Equation Model R2
LLL

NHW (n=755) = —1897.26 + 18.82(ht) + 208.18(male) 0.68

AA (n=260) = —1752.02 + 16.43(ht) + 226.84(male) 0.64
LUL

NHW (n=755) = —1459.08 + 15.90(ht) + 297.56(male) 0.74

AA (n=260) = —1496.77 + 15.53(ht) + 253.84(male) 0.76
RLL

NHW (n=755) = —1667.14 + 18.20(ht) + 189.14(male) 0.64

AA (n=260) = —1581.19 + 16.07(ht) + 180.09(male) 0.59
RML

NHW (n="755) = —827.34 + 7.60(ht) + 87.95(male) 0.55

AA (n=260) = —679.79 + 6.30(ht) + 95.56(male) 0.52
RUL

NHW (n="755) = —858.36 + 11.06(ht) + 248.28(male) 0.65

AA (n=260) = —700.25 + 9.74(ht) + 203.98(male) 0.56

ht = height in cm; LLL = left lower lobe; LUL = left upper lobe; male = 1 for male and 0 for female; RLL = right lower lobe; RML = right middle
lobe; RUL = right upper lobe. See Table 1 legend for expansion of other abbreviations.
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Table 3—Prediction Equations for Lobar Volume at End of Normal Exhalation by Race: Derivation Cohort and
Validation Cohort

Lobe Prediction Equation Model R?
LLL

NHW (n=669) = —842.05 + 8.27(ht) + 45.32(male) 0.47

AA (n=210) = —1020.98 + 8.84(ht) + 70.96(male) 0.38
LUL

NHW (n =669) = —781.80 + 8.44(ht) + 140.30(male) 0.47

AA (n=210) = —1049.09 + 9.87(ht) + 156.25(male) 0.40
RLL

NHW (n=669) = —654.55 + 7.53(ht) + 38.26(male) 0.40

AA (n=210) = —1024.50 + 9.26(ht) + 41.34(male) 0.31
RML

NHW (n=669) = —419.26 + 4.06(ht) + 56.74(male) 0.41

AA (n=210) = —445.56 + 4.05(ht) + 72.68(male) 0.46
RUL

NHW (n = 669) = —434.68 + 5.80(ht) + 109.55(male) 0.41

AA (n=210) = —2331.72 + 5.05(ht) + 126.25(male) 0.29

See Table 1 and 2 legends for expansion of abbreviations.

*Fifty-one of 755 NHWs and 39 of 260 AAs did not have lobar volume measurements at the end of normal exhalation; 35 of 755 NHWs and 11 of
260 AAs were excluded because of total lung volume at functional residual capacity to total lung volume at TLC ratios that were outside the middle

95% of the distribution.

inspiration than did AAs. However, at FRC, after
adjusting for height, only the lower lobes were signif-
icantly larger in NHWs. Although the literature sug-
gests several reasons for racial differences in lung
volumes (for example, differences in the ratio of trunk
length to standing height and chest dimensions),*
lobar heterogeneity has not been described, and its
mechanisms and implications require further investi-
gation. In keeping with the TLC and FRC data pre-
sented at the American Thoracic Society workshop
on lung volume measurements,* we also found that
although age had no effect on lobar volumes at TLC,
it did have a small effect at FRC, but only in some
lobes. Although this finding may be due to age-related
emphysema, we would expect senile emphysema to
affect all lobes at FRC equally. Instead, we only found
a significant effect of age on lower lobe volumes; to
the best of our knowledge, there are no data report-
ing a regional predilection for development of senile
emphysema. Similarly, after adjusting for height, weight
was not associated with lobar volumes at TLC but did
have a significant effect on some lobar volumes at FRC.
Again, although this finding is consistent with prior
reports of decreased FRC in overweight subjects
attributable to altered chest wall compliance, the rea-
son for lobar heterogeneity is unknown and merits
further study.

For the first time to our knowledge, we developed
reference equations for lobar volumes at TLC and
FRC. Model R? values were much higher for the equa-
tions predicting lobar volumes at TLC than at FRC.
This is likely in part because the CT scans were not
spirometrically gated, and subjects can likely get to
TLC more reliably than FRC. We attempted to account
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for this by excluding those subjects with FRC/TLC
ratios in the tails of the distribution; however, despite
this, the reference group still included subjects with
FRC values that were likely inaccurate. Adjusting for
clinical center improved the predictive ability of some
of our equations for lobar volume at FRC. However,
doing so had no significant effect on the prediction
equations for lobar volume at TLC (data not shown).

Assessment of lobar hyperinflation and lobar gas
trapping by degree of airflow limitation in patients
with COPD showed that there is progressive expan-
sion of lung lobes at both TLC and FRC with increas-
ing disease severity. The pattern of lobar hyperinflation
was similar between races but was nonuniform between
lobes. The upper lobes hyperinflate at earlier disease
stages and remain more hyperinflated than the lower
lobes as disease progresses. This finding is consistent
with hyperinflation being primarily due to loss of elastic
recoil and smoking-related emphysema tending to
be most prominent in upper lobes.?%2 The pattern of
gas trapping was similar between the races and more
uniform across the lobes, likely because gas trap-
ping is influenced not only by emphysema but also by
airway disease.

We believe that lobar volume assessments add infor-
mation beyond that of densitometric analysis. First,
unlike density, volume is not affected by the alterations
in parenchymal perfusion that can be seen in advanced
lung disease. Second, although parenchymal destruc-
tion is captured by densitometry, the extent to which
this destruction causes loss of elastic recoil with sub-
sequent hyperinflation and physiologic impairment is
not. Indeed, our data suggest that lobar percent emphy-
sema is an imperfect correlate to lobe volume and
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FIGURE 5. A, Percent predicted lobar volume at TLC ([CT scan-measured lobar volume/predicted lobar
volume at TLC] X 100) by GOLD stage for NHW subjects. B, Percent predicted lobar volume at TLC
by GOLD stage for AA subjects. The pattern of hyperinflation appears to be relatively consistent
between the races: the upper lobes exceed 100% of the predicted volume even in moderate airflow
obstruction (GOLD II), whereas the lower lobes only exceed 100% of the predicted volume in very
severe disease (GOLD 1V). Data are presented as means and SDs. LLL = left lower lobe; LUL = left
upper lobe; RML = right middle lobe. See Figure 1 legend for expansion of other abbreviations.

more importantly to lobe hyperinflation (ie, emphy-
sema explains <5% up to approximately 28% of the
variability observed in lobar hyperinflation) (e-Table 6).
It has been shown that patients with upper lobe-
predominant emphysema derive the most benefit from
lung volume reduction surgery.® Perhaps, however,
outcomes from volume reduction would be further
optimized by targeting those with the most hyperin-
flated upper lobes and/or those with the least hyper-
inflated lower lobes.

We acknowledge limitations in this study. To increase
our sample size for developing reference equations,
we included current and former smokers in the model
development cohort. Although smoking could cer-
tainly affect lobar volumes, we attempted to minimize
the effect of smoking by only including subjects with
normal spirometry, a CT scan-measured TLC well
within the normal range (90% to 110% predicted),
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and no significant pulmonary symptoms. On univar-
iate analysis, there was a small (0.9-2.5 mL/pack-y
at TLC; 0.6-1.7 mL/pack-y at FRC) but significant
effect of pack-years on some lobar volumes. How-
ever, pack-years was either not significant on multi-
variate analysis or did not contribute significantly to
the model R2. A second limitation is that this popula-
tion only included NHWs and AAs; thus, our reference
equations cannot be applied to other races. Like-
wise, the equations only apply to subjects aged 45 to
80 years with a height range of 151 to 187 cm for
AA women, 140 to 181 cm for NHW women, 159 to
195 em for AA men, and 159 to 198 cm for NHW men.
A third limitation is that the CT scans were not spiro-
metrically gated. However, examination of data from a
single center demonstrated strong correlation between
physiologic and CT scanning measures of TLC and
FRC (n=2363,r=0.92, P<.0001, and n =348, r=10.88,
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FIGURE 6. A, Lobar gas trapping ([CT scan-measured lobar volume/predicted lobar volume at
FRC] X 100) by GOLD stage for NHW subjects. B, Lobar gas trapping by GOLD stage for AA subjects.
For both races, there is progressive gas trapping with increasing airflow obstruction, and even GOLD II
subjects have significant gas trapping. Data are presented as means and SDs. See Figure 1 legend for

expansion of abbreviations.

P <.0001, respectively). Finally, lobar volumes may
be inaccurate in subjects with severe COPD with fis-
sure disruption. Although this may have affected our
findings in the study cohort, this should have had less
of an effect in the model-development cohort assum-
ing that loss of fissure integrity is a disease-related
process. Additionally, the VIDA lobar segmenta-
tion algorithm includes a visual quality control step,
which would have limited gross mislabeling of fissure
location.34

In summary, this study provides novel reference
equations for CT scan-measured lung lobe volumes,
allowing physiologic information (hyperinflation and
gas trapping) to be derived from anatomic metrics.
As we show here, these tools may be useful for better
assessing regional disease severity and progression,
and they may have therapeutic implications. Although
prior studies of bronchoscopic lung volume reduction
examined anatomic changes in regional and lobar

journal.publications.chestnet.org

lung volumes, 03 appreciation of regional physiologic
changes was not possible. Improved understanding
of local hyperinflation and gas trapping may lead to
improved therapeutic targeting and may be useful
in predicting response to surgical or bronchoscopic
lung volume reduction. Additionally, measurements
of lobar hyperinflation and gas trapping may be valu-
able for determining the location and effect of inhaled
drug therapy.
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