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Abstract
Background: No clinical studies to date have compared uni-
lateral lung or lobe volumes between the supine and stand-
ing positions. Objectives: To compare lung/lobe volumes on 
computed tomography (CT) between these two positions 
and evaluate the correlation between the total lung volume 
and total lung capacity (TLC) on pulmonary function tests 
(PFTs). Methods: Thirty-two asymptomatic volunteers un-
derwent both conventional CT (supine position) and upright 
CT (standing position), during deep inspiration breath-hold, 
and PFTs on the same day. We measured lung/lobe volumes 
on CT in each position. Paired t tests were used for statistical 
analysis. Results: The volumes of the total lung (10.9% in-

crease), right lung (10.3% increase), right upper lobe (8.6% 
increase), right lower lobe (14.6% increase), left lung (11.6% 
increase), left upper lobe (7.1% increase), and left lower lobe 
(16.0% increase) were significantly greater in the standing 
position than in the supine position (all p < 0.0001). The right 
middle lobe volume was similar between the two positions 
(p = 0.16). Intraclass correlation coefficients for agreement 
between total lung volumes on CT in the supine/standing 
positions and the TLC on PFT were 0.891/0.938, respectively. 
Conclusions: While the volumes of the bilateral upper and 
lower lobes and bilateral lungs were significantly greater in 
the standing than in the supine position, with lower lobes 
showing larger changes, the right middle lobe volume did 
not change significantly between positions. The total lung 
volume on upright CT in the standing position was more 
similar to TLC on PFT than that in the supine position.
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Introduction

Although humans spend most of their day in an up-
right position, the basic anatomy of the human lung in 
the upright position is not yet well understood. Chest 
radiography is the most commonly used technique for 
the diagnosis and follow-up of pulmonary diseases and 
can be acquired in a standing position; however, chest 
radiography provides a two-dimensional image and can-
not accurately depict the volume of organs, such as the 
lungs or heart. While cone-beam computed tomography 
(CT) can provide cross-sectional images in a standing 
position, > 10 s are needed to acquire one axial cone-
beam CT image because of its slow rotation time [1, 2]. 
This is quite a long period of time for a subject to stand 
still without support and could result in an inaccurate 
quantitative analysis of images because of motion arti-
facts [1, 2]. Furthermore, the field of view of cone-beam 
CT for the upright position is limited [1, 2] and is insuf-
ficient to cover the whole lungs at present. Moreover, 
cone-beam CT has limited low-contrast resolution due 
to various physical and technical factors, which limits 
soft tissue evaluation [3, 4], and suffers from poor image 
quality and inaccurate CT numbers compared with mul-
tidetector-row CT [5, 6].

To overcome the limitations of these imaging modali-
ties for evaluation of human anatomy in the upright posi-
tion and to clarify the effects of gravity on the entire hu-
man body, a 320-detector-row upright CT scanner has 
recently been developed. This scanner allows up-and-
down movements of a transverse 320-detector-row gan-
try (isotropic 0.5-mm detector size), with a maximum 
gantry rotation speed of 0.275 s, a 780-mm bore, and a 
field of view of 500 mm [7]. This upright CT scanner al-
lows for the acquisition of isotropic volume data of the 
whole chest within approximately 5 s.

It has been reported that the total lung capacity (TLC) 
measured by pulmonary function tests (PFTs) using spi-
rometry in the standing position is higher than that ob-
tained in the supine position [8, 9]; however, neither the 
unilateral lung volume nor the volume of each lung lobe 
can be measured by PFT. On the other hand, CT volum-
etry can provide the volumes of the unilateral lung and 
each lobe of the lung [10–13] and has been reported to 
enable more accurate predictions of postoperative resid-
ual pulmonary function in patients with lung cancer than 
the segment-counting method, which is based solely on 
the number of remaining pulmonary segments [10–12]. 
However, CT volumetry with conventional CT is per-
formed in the supine position and does not reflect daily 

life conditions, whereas PFT is usually performed in the 
sitting (upright) position, which is a daily-life posture.

To the best of our knowledge, no clinical studies to 
date have accurately evaluated the volumes of each lung 
or of each lobe of the lung in the standing position. We 
hypothesized that the volume change rates between su-
pine and standing positions would be different for each 
lobe of the lung, and that the proportional volume of each 
lobe relative to the total lung volume would be different 
between supine and standing positions, because the di-
rection of gravity relative to the chest differs between 
these positions.

The purpose of this study was thus to compare lung 
and lung lobe volumes on CT between the supine and 
standing positions and to evaluate the correlation be-
tween the total lung volume on CT and TLC on PFT.

Materials and Methods

Ethical Approval
This prospective study was conducted in accordance with the 

amended Declaration of Helsinki and with the approval of our In-
stitutional Review Board (Keio University School of Medicine Eth-
ics Committee, No. 20160384). Written informed consent was ob-
tained from all participants (UMIN Clinical Trials Registry 
[UMIN-CTR]: UMIN000026586).

Study Population
From April 2018 to October 2018, 32 asymptomatic volunteers 

from a volunteer recruitment company, consisting of 16 men and 
16 women (4 men and 4 women, from the third, fourth, fifth, and 
sixth decades of life) were enrolled in this study. To evaluate normal 
whole-body anatomy, volunteers (1) with a history of smoking, di-
abetes, hypertension, dyslipidemia, or awareness of dysuria; (2) 
with any symptoms; (3) who had undergone surgery or were cur-
rently undergoing treatment; or (4) who were pregnant or possibly 
pregnant were excluded. The 32 enrolled subjects had been ana-
lyzed for a different purpose in a previous study that evaluated the 
vena cava, aorta, and pelvic floor, but did not evaluate the lungs [7].

CT Imaging Protocol
All participants underwent both conventional 320-detector-

row CT (Aquilion ONE, Canon Medical Systems, Otawara, Japan) 
in the supine position (Fig. 1a) and 320-detector-row upright CT 
(prototype TSX-401R, Canon Medical Systems) [7] in the upright 
position (Fig. 1b) for the head and body trunk, separately, on the 
same day. The scan lengths for the head and body trunk were ad-
justed to be identical between the supine and upright CT scans. 
Only data for the lung were analyzed in this study. Thirty out of 32 
participants underwent conventional CT first, followed by upright 
CT, and two participants underwent upright CT first, followed by 
conventional CT.

For the body trunk, both CT examinations were unenhanced 
and were performed with automatic exposure control (tube cur-
rent modulation) using a noise index of 15 for a slice thickness of 
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Fig. 1. Conventional CT examination in the supine position (a) 
and upright CT examination in the standing position (b). a Con-
ventional CT was performed with the subject’s arms down during 
deep inspiration breath-hold. b Upright CT was also performed 
with the subject’s arms down during deep inspiration breath-hold. 
The upright CT system allows up-and-down movement of a trans-
verse 320-detector-row gantry. For safety during upright CT scan-
ning, an acrylic wall encircling the body was added to prevent falls, 
with a pinch prevention mechanism and contact interlock control 

mechanism. Furthermore, to stabilize patients while standing, a 
back-support pole, 2.3-m long and made of carbon, was included; 
it was mounted between the floor and the top of the system. The 
mounting position could be adjusted based on the subject’s bodily 
dimensions or the scan conditions. To support patients who are 
frail or elderly, a Velcro band can be attached to the pole and loose-
ly wrapped around a patient’s body. In this study, the subjects were 
healthy volunteers; thus, we did not use the Velcro band.

Fig. 2. Representative segmentation and lung/lobe volume mea-
surement in a 44-year-old male: axial (a), sagittal (b), and coronal 
(c) images, and volume rendering images (d) taken in the supine 
and standing positions. Yellow is the right upper lobe, blue is the 
right middle lobe, green is the right lower lobe, pink is the left up-
per lobe, and purple is the left lower lobe. The volumes of the total 
(bilateral) lungs in the supine vs. standing positions in this subject 

were 5,148.0 vs. 5,670.2 mL, respectively (10.1% increase); right 
lung, 2,738.8 vs. 2,972.3 mL (8.5% increase); right upper lobe, 959.4 
vs. 1,024.6 mL (6.8% increase); right middle lobe, 514.1 vs. 537.2 
mL (4.5% increase); right lower lobe, 1,265.3 vs. 1,410.6 mL (11.5% 
increase); left lung, 2,409.2 vs. 2,697.9 mL (12.0% increase); left 
upper lobe, 1,226.4 vs. 1,329.0 mL (8.4% increase); and left lower 
lobe, 1,182.8 vs. 1,368.9 mL (15.7% increase).
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5 mm (tube current range 10–500 mA). Scans were performed with 
the subjects’ arms down, during deep inspiration breath-hold. This 
was because the same posture of the arms between supine and 
standing positions could exclude the changes in the chest anatom-
ical structures caused by the different arm positions. Other scan-
ning parameters were also the same for both supine and standing 
CT scans: peak tube voltage, 120 kVp; rotation speed, 0.5 s; slice 
collimation, 0.5 mm × 80; pitch factor, 0.813. The series of con-
tiguous 0.5-mm-thick images were reconstructed with Adaptive 
Iterative Dose Reduction 3D (Canon Medical Systems) [14].

Pulmonary Function Test
All participants underwent PFTs on the same day as both con-

ventional and upright CT examinations. The PFT was performed 
in a stable condition and with the subject in a sitting position, using 
a spirometer (Chestac-8900, Chest M.I., Tokyo, Japan) in accor-
dance with ATS/European Respiratory Society recommendations 
[15]. The TLC and residual volume were measured by the multi-
breath helium dilution method.

Lung and Lobe Volume Measurements on CT
The first lung and lobe volume measurements on CT for all 32 

volunteers in each position were performed by a chest radiologist 
with 12 years of experience, using a commercially available worksta-
tion (Synapse Vincent, Fuji Film Co., Ltd., Tokyo, Japan). This work-
station incorporated a lobar computer-aided diagnosis (CAD) sys-
tem that was previously demonstrated to measure lobar volumes pre-
cisely [16]. This system automatically extracted right and left lungs, 
recognized lobar bronchi, and determined the locations of fissures 
(Fig. 2). The chest radiologist verified the results of segmentation by 
CAD and made manual corrections by delineating fissures when the 
CAD system failed to identify fissures properly, as described in a pre-
vious study [17]. A second measurement of the first 16 volunteers 
was performed by the same radiologist to assess intraobserver agree-
ment, 1 month after the first assessment. To assess interobserver 
agreement, lung volume measurements of the first 16 volunteers 
were performed by a different general radiologist with 5 years of ex-
perience. All measurements were performed in a blinded and ran-
domized manner. During all measurements, the radiologists were 
also blinded to participants’ characteristics and the results of the PFT. 
The ratios of the volume of the total (bilateral) lung, each lung, and 
each lobe in the standing position to those in the supine position were 
then calculated. The proportional volumes of each lung and each lobe 
relative to the total lung volume were also calculated.

Statistical Analysis
Data are presented as mean ± SD. The sample-size calculation 

was based on postural changes in lung volume. A previous study that 
evaluated the TLC in a volunteer cohort with PFT showed that the 
difference in TLC between supine and standing positions was 550 
mL (SD 650 mL) [8]. To detect clinically significant differences in 
the CT-based volume of each lung and each lobe between the 2 po-
sitions, with a significance level of 5% (two-tailed) and 90% power, 
30 volunteers were needed for each position group. Paired t tests 
were used to analyze differences in the volumes of the total lungs, 
right lung, left lung, and each lobe between supine and standing po-
sitions, the differences in ratios of volumes in the standing position 
to those in the supine position among lobes, and the differences in 
the proportional volumes of each lung and each lobe relative to the 
total lung volume between supine and standing positions. Bonfer-

roni correction was used for multiple comparisons. Mann-Whitney 
U tests were used to analyze the differences in the lung/lobe volumes 
between conventional CT first group and upright CT first group, 
and the differences in ratios of volumes in the standing position to 
those in the supine position between conventional CT first group 
and upright CT first group. The interobserver and intraobserver 
agreements were evaluated by measuring the intraclass correlation 
coefficients (ICCs). The correlation between the total lung volume 
on CT in each position and TLC on PFT was also evaluated by mea-
suring the ICCs. The significance level for all tests was 5% (two-
sided). All data were analyzed using a commercially available soft-
ware program (JMP version 12; SAS Institute Inc., Cary, NC, USA).

Results

Participants’ Characteristics
Table 1 shows the clinical characteristics of all the par-

ticipants (n = 32).

Lung and Lobe Volumes on CT in the Supine and 
Standing Positions
The average volumes of total lungs (10.9% increase), 

right lung (10.3% increase), right upper lobe (8.6% in-
crease), right lower lobe (14.6% increase), left lung (11.6% 
increase), left upper lobe (7.1% increase), and left lower 

Table 1. Characteristics of the study population (n = 32 volunteers)

Demographic variables Value

average ± SD
or n (%)

range

Total number of participants, n 32
Sex

Female 16 (50)
Male 16 (50)

Age, years 48.4±11.5 30–68
Height, cm 163.3±7.7 147.7–177.0
Weight, kg 60.3±10.8 41.6–88.0
Body mass index 22.5±3.0 16.7–30.6
Pulmonary function test

VC, L 3.71±0.83 2.51–5.41
FVC, L 3.64±0.83 2.49–5.39
FVC, % predicted 102.9±11.0 82.9–124.8
FEV1, L 2.90±0.66 1.81–4.20
FEV1, % predicted 98.7±12.8 70.6–117.2
FEV1/FVC, % 80.1±6.2 60.1–91.4
Tidal volume, L 0.63±0.22 0.40–1.53
Residual volume, L 1.54±0.36 0.82–2.25
Functional residual capacity, L 2.98±0.73 2.08–4.68
Total lung capacity, L 5.25±1.08 3.45–7.43

SD, standard deviation; FEV1, forced expiratory volume in 1 s; 
FVC, forced vital capacity; VC, vital capacity.
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lobe (16.0% increase) in the standing position were sig-
nificantly greater than those in the supine position (all  
p < 0.0001). There was no significant difference in right 
middle lobe volume (1.7% difference) between the two 
positions (p = 0.16) (Table 2).

The ratio of the right lower lobe volume in the standing 
position to that in the supine position (1.148 ± 0.129) was 
significantly greater than that of the right upper lobe vol-
ume (1.088 ± 0.072; p < 0.0001) and that of the right mid-
dle lobe volume (1.017 ± 0.067; p < 0.0001). The ratio of 
the right upper lobe volume in the standing position to 
that in the supine position was also significantly greater 
than that of the right middle lobe volume (p < 0.0001; Ta-
ble 2). The ratio of the left lower lobe volume in the stand-
ing position to that in the supine position (1.167 ± 0.141) 
was significantly greater than that of the left upper lobe 
volume (1.075 ± 0.078; p < 0.0001). Subanalyses showed 
that there were no significant differences in all lung/lobe 
volumes in the supine or standing position between con-
ventional CT first group and upright CT first group (all  

p > 0.45) and that there were no significant differences in 
all ratios of lung/lobe volumes in the standing position to 
those in the supine position between conventional CT first 
group and upright CT first group (all p > 0.15).

Proportional Volumes of Each Lung and Each Lobe 
relative to the Total Lung Volume in Supine and 
Standing Positions
The proportional volumes of the bilateral upper lobes 

and right middle lobe relative to the total lung volume 
were significantly lower in the standing position than in 
the supine position, whereas the proportional volumes of 
the bilateral lower lobes were significantly greater in the 
standing position than in the supine position (all p < 
0.002; Table 3).

Agreement between Total Lung Volumes on CT in 
Supine/Standing Positions and TLC on PFT
The ICC for agreement between the total lung volume 

on CT in the standing position and TLC on PFT was nu-

Table 2. Lung and lobe volumes on CT (n = 32 volunteers) in the arms-down supine and standing positions

Lung and lobe volumes on CT, mL p value
supine vs. standing

Ratio of volume in
standing position to that
in supine positionsupine standing

Total (bilateral) lungs 4,378.8±980.9
(2,464.5–6,098.3)

4,856.8±1,157.2
(2,835.1–7,111.2)

<0.0001 1.111±0.096
(0.901–1.297)

Right lung 2,342.6±503.5
(1,341.2–3,176.8)

2,585.0±602.6
(1,500.8–3,792.3)

<0.0001 1.104±0.093
(0.901–1.281)

Right upper lobe 782.0±200.2
(467.5–1,239.9)

849.2±220.8
(563.5–1,435.5)

<0.0001 1.088±0.072a

(0.944–1.224)

Right middle lobe 403.5±109.2
(190.5–635.4)

410.4±113.6
(192.9–645.6)

0.1631 1.017±0.067a

(0.850–1.193)

Right lower lobe 1,157.1±268.3
(591.8–1,602.2)

1,325.5±336.4
(669.0–2,103.0)

<0.0001 1.148±0.129a

(0.892–1.405)

Left lung 2,036.1±484.5
(1,123.3–2,921.5)

2,271.7±560.2
(1,334.3–3,319.0)

<0.0001 1.120±0.106
(0.902–1.357)

Left upper lobe 1,012.9±253.4
(581.1–1,446.2)

1,084.5±269.4
(666.6–1,562.4)

<0.0001 1.075±0.078b

(0.909–1.272)

Left lower lobe 1,023.2±265.3
(530.0–1,475.3)

1,187.0±322.4
(667.7–1,775.5)

<0.0001 1.167±0.141b

(0.896–1.471)

Values are presented as average ± standard deviation (range). a The ratio of right lower lobe volume in the standing position to that 
in the supine position was significantly greater than that of the right upper lobe volume (p < 0.0001) and that of the right middle lobe 
volume (p < 0.0001); the ratio of the right upper lobe volume in the standing position to that in the supine position was significantly 
greater than that of the right middle lobe volume (p < 0.0001). A value of p < 0.0167 was considered to be statistically significant after 
Bonferroni correction for multiple comparisons. b The ratio of the left lower lobe volume in the standing position to that in the supine 
position was significantly greater than that of the left upper lobe volume (p < 0.0001).
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merically greater than that for agreement between the to-
tal lung volume on CT in the supine position and TLC on 
PFT (0.938 [95% CI 0.877–0.969] vs. 0.891 [95% CI 
0.789–0.945]).

Interobserver and Intraobserver Agreements
The interobserver and intraobserver agreements 

(ICCs) for measuring lung and lobe volumes on CT in the 
supine and standing positions were substantial for all 
measurements (0.978–1.000; Table 4).

Discussion

Our prospective study demonstrated that the volumes 
of the bilateral upper lobes, bilateral lower lobes, bilat-
eral lungs, and total lungs were significantly greater in 
the standing position than in the supine position, with 
lower lobes showing larger changes, while there was no 
significant difference in the volume of the right middle 
lobe between the supine and standing positions. Conse-
quently, the proportional volumes of the bilateral upper 
lobes and right middle lobe relative to the total lung vol-

ume were significantly lower in the standing position 
than in the supine position, whereas the proportional 
volumes of bilateral lower lobes were significantly great-
er in the standing position than in the supine position. 
Our findings are important because they could have an 
impact on preoperative CT volumetry of the lung in pa-
tients with lung cancer. Upright CT provides images of 
daily-life postures (both standing and sitting positions) 
and is potentially useful for a more accurate prediction 
of postoperative residual pulmonary function, before 
lung resection, as compared with conventional CT (su-
pine position).

We found that the volume increase in the lower lobe, 
in the standing position, was greater than that in the up-
per lobe or middle lobe. The lower lungs undergo great-
er volume changes during breathing than the upper 
lungs, due to the effects of gravity on lung recoil [18–20]. 
Thus, a possible reason for the greater increase in the 
lower lobes could be that the diaphragm settles lower in 
the standing position than in the supine position, which 
allows for greater expansion of the lower lobes. Several 
reports showed that loss of the diaphragmatic mobility 
was present in chronic obstructive pulmonary disease 
(COPD) patients [21–23], and pulmonary rehabilitation 
improved diaphragm movement [21, 24], which was as-
sessed in standing or semi-recumbent position. The vol-
umes of lung lower lobes are influenced by diaphragm 
movement. Thus, the volumes of lung lower lobes in the 
standing position or change of the volumes between su-
pine and standing positions may be used as a new clinical 
indicator to assess disease severity or therapeutic effect 
in COPD patients. Our results also showed that there was 
no significant difference in volume of the right middle 
lobe between the two positions. Although the reason for 
this is not immediately clear, we speculate that the right 
middle lobe has a relatively small volume and is located 
in a relatively anterior portion of the right lung in the 
standing position and could be compressed by an en-
larged lower lobe, with a volume approximately 3 times 
as large as that of the middle lobe, in the standing posi-
tion.

Our results demonstrated that the proportional vol-
umes of each lobe relative to the total lung volume were 
different in all lobes between supine and standing posi-
tions. Although further studies in larger patient popula-
tions are needed, a corrective model based on our results 
of these proportional volumes and the ratio of total lung 
volume in standing position to that in supine position 
may allow for the prediction of the lobe or lung volume 
in the standing position from the lobe or lung volume in 

Table 3. Proportional volumes of each lung and each lobe relative 
to the total lung volume on CT in the supine and standing posi-
tions (n = 32 volunteers)

Proportional volumes of each
lung and each lobe relative to
the total lung volume, %

p value
supine
vs.
standing

supine standing

Total (bilateral) lung 100.0±0.0
(100.0–100.0)

100.0±0.0
(100.0–100.0)

–

Right lung 53.6±1.5
(50.6–57.4)

53.3±1.3
(50.5–56.3)

0.0467

Right upper lobe 17.9±2.4
(11.8–22.7)

17.6±2.3
(12.0–21.9)

0.0011

Right middle lobe 9.3±1.6
(6.6–13.8)

8.5±1.4
(6.1–11.6)

<0.0001

Right lower lobe 26.5±2.6
(22.3–34.0)

27.2±2.2
(22.4–33.7)

0.0003

Left lung 46.4±1.5
(42.6–49.4)

46.7±1.3
(43.7–49.5)

0.0470

Left upper lobe 23.1±2.1
(18.1–26.6)

22.4±2.0
(17.1–25.8)

<0.0001

Left lower lobe 23.2±2.4
(19.4–28.7)

24.3±2.4
(20.7–29.6)

<0.0001

Values are presented as average ± standard deviation (range).
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the supine position acquired by conventional CT or the 
TLC on PFT.

Our study also demonstrated that the total lung vol-
ume determined using upright CT in the standing posi-
tion was more similar to TLC on PFT than that deter-
mined in the supine position (ICC, 0.938 vs. 0.891). This 
may be because the PFT was performed in the upright 
(sitting) position, and the direction of the thorax in the 
PFT was more similar to that in upright CT than in con-
ventional CT (supine position).

Our study had several limitations. First, we included 
only 32 normal subjects at a single institution to avoid 
unnecessary radiation exposure to the volunteer cohort. 
As mentioned above, further studies in larger patient 
populations are required to confirm the preliminary 
findings of this study. Nevertheless, upright CT has only 
been introduced at our hospital at present. Second, al-
though the observers independently evaluated the im-
ages in a blinded and randomized manner, they could 
recognize the positions of the subjects to some extent 
because of the presence or absence of a CT table. How-
ever, the measurement of lung and lobe volumes was 
semiautomated, using a commercially available work-
station, and the observer bias was negligible. Further-
more, the interobserver and intraobserver agreements 
(ICCs) were quite high (> 0.97) in this study. Third, the 
supine CT was performed with the subject’s arms down 
to maintain the same posture as that during the standing 
position, although a conventional chest CT in the supine 
position is usually performed with the subject’s arms 
raised.

Conclusions

The CT-based volumes of bilateral upper lobes, bilateral 
lower lobes, bilateral lungs, and total lungs were significant-
ly greater in the standing position than in the supine posi-
tion, with lower lobes showing larger changes, while the 
right middle lobe showed no significant change between the 
two positions. The total lung volume on upright CT in the 
standing position was more similar to TLC on PFT than 
that on conventional CT in the supine position.
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