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Thoracic insufficiency syndrome (TIS) is the inability of 
the thorax to support normal breathing or lung growth 

(1,2). It is vital to study lung parenchymal aeration to 
understand lung physiologic status before and after treat-
ment for TIS (3). Current lung parenchymal aeration 
characterization via CT (4), hyperpolarized gas MRI (5–
9), or single-plane two-dimensional (2D) dynamic MRI 
(dMRI) (10) may not be feasible in clinical practice; pos-
sible reasons include radiation concerns (4), difficulties in 
practical clinical implementation (5,6), or the need for 
patient cooperation, such as breath holding (10,11) or 
use of a spirometer during breathing (12), which cannot 
be implemented for routine use in all patient groups, es-
pecially pediatric patients.

Fourier decomposition MRI strategies for assessing 
lung ventilation focus on the region inside the lungs and 

perform only 2D analyses (13,14). Ultrashort echo time 
(UTE) techniques have been used to quantify perfusion 
in lung parenchyma (15), and respiratory-gated UTE se-
quences have been used to measure lung tissue density (16), 
both only in animal studies. Phase-resolved functional lung 
(PREFUL) MRI (17–19) seems to enable ventilation mea-
surement with free breathing. However, it has been dem-
onstrated only in adults (18,19). Three-dimensional (3D) 
PREFUL images have low resolution and a voxel size of 4 
× 4 × 4 mm3 (17), and 2D PREFUL images have a large 
section spacing of 15 mm (18,19), posing challenges for 
image segmentation and analysis. Furthermore, image ac-
quisition time is approximately 1 hour per individual (17), 
which is impractical for routine clinical use.

The images for patients with TIS can be obtained 
practically during free breathing with short image 
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Purpose:  To investigate free-breathing thoracic bright-blood four-dimensional (4D) dynamic MRI (dMRI) to characterize aeration of 
parenchymal lung tissue in healthy children and patients with thoracic insufficiency syndrome (TIS).

Materials and Methods:  All dMR images in patients with TIS were collected from July 2009 to June 2017. Standardized signal intensity (sSI) 
was investigated, first using a lung aeration phantom to establish feasibility and sensitivity and then in a retrospective research study of 40 
healthy children (16 male, 24 female; mean age, 9.6  years ± 2.1 [SD]), 20 patients with TIS before and after surgery (11 male, nine female; 
mean age, 6.2 years ± 4.2), and another 10 healthy children who underwent repeated dMRI examinations (seven male, three female; mean 
age, 9 years ± 3.6). Individual lungs in 4D dMR images were segmented, and sSI was assessed for each lung at end expiration (EE), at end 
inspiration (EI), preoperatively, postoperatively, in comparison to normal lungs, and in repeated scans.

Results:  Air content changes of approximately 6% were detectable in phantoms via sSI. sSI within phantoms significantly correlated with 
air occupation (Pearson correlation coefficient = −0.96 [P < .001]). For healthy children, right lung sSI was significantly lower than that of 
left lung sSI (at EE: 41 ± 6 vs 47 ± 6 and at EI: 39 ± 6 vs 43 ± 7, respectively; P < .001), lung sSI at EI was significantly lower than that at 
EE (P < .001), and left lung sSI at EE linearly decreased with age (r = −0.82). Lung sSI at EE and EI decreased after surgery for patients 
(although not statistically significantly, with P values of sSI before surgery vs sSI after surgery, left and right lung separately, in the range of 
0.13–0.51). sSI varied within 1.6%–4.7% between repeated scans.

Conclusion:  This study demonstrates the feasibility of detecting change in sSI in phantoms via bright-blood dMRI when air occupancy 
changes. The observed reduction in average lung sSI after surgery in pediatric patients with TIS may indicate postoperative improvement in 
parenchymal aeration.

Supplemental material is available for this article.
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Materials and Methods

Phantoms, Study Cohorts, and Image Data Sets
All data were acquired under an ongoing research protocol ap-
proved by the institutional review boards at our institutions, 
along with a Health Insurance Portability and Accountability Act 
waiver. The requirement for patient consent was waived by the in-
stitutional review boards. The study included 40 healthy children 
and 20 patients with TIS with 40 thoracic dMRI-acquired scans 
before and after vertical expandable prosthetic titanium rib (VE-
PTR) surgical treatment (25,35). Ten patients with TIS with their 
20 thoracic dMRI scans were reported in our previous work (24). 
VEPTR is a U.S. Food and Drug Administration–approved TIS 
treatment approach where expandable titanium ribs are implanted 
into a child’s back and chest and anchored to the spine and ribs 
(25). The diagnosis of TIS was based on multiple components, 
including history, physical examination, radiographs, and imaging 
techniques such as CT or MRI, as well as pulmonary function 
testing. Often, skeletal dysplasia will produce clear respiratory or 
growth limitations, but having skeletal deformity in and of itself 
is not sufficient to make the diagnosis of TIS (35–38). Pediatric 
patients not diagnosed with TIS or with insufficient clinical or ra-
diographic data were excluded. Another 10 healthy children were 
included for evaluating the repeatability of sSI by scanning them 
twice with a short interval between scans. Figure 1 shows the pa-
tient inclusion/exclusion flowchart.

The aeration phantom consisted of seven well-sealed poly-
vinyl acetate sponge blocks (Simplygoodstuff.com) of identical 
size (8.5 × 7.0 × 3.0 cm3). The air content of the blocks was 
adjusted by displacement with water and expressed as a ratio of 
air in block (in milliliters) to volume of block, ranging from 0.5 
to 0.8 in increments of 0.05 among the seven blocks, as depicted 
in Figure 2.

dMRI Acquisition
For the cohorts, the details of the thoracic dMRI protocol are 
as follows: 3-T MRI scanner (Verio; Siemens), true fast imag-
ing with steady-state precession sequence, repetition time of 
3.82 msec, echo time of 1.91 msec, voxel size of approximately 
1 × 1 × 6 mm3, 320 × 320 matrix, bandwidth of 258 Hz, and 
flip angle of 76°. For each sagittal location across the thorax, 40 
2D sections were acquired over several tidal breathing cycles at 
approximately 480 msec/section. On average, 35 sagittal loca-
tions were imaged, yielding a total of approximately 1400 2D 
sections, within a scan time of 11–13 minutes (22).

The phantom was scanned using the same dMRI protocol. 
Each “sagittal” section contained a cross-section of all seven 
blocks, where a total of 15 sections were acquired across the 
phantom, and each section location was continuously/repeatedly 
scanned 40 times.

Image Processing Operations
For each dMRI scan, an automated 4D image construction 
approach was used (20) to form one 4D image of the thorax 
over one breathing cycle consisting of typically five to eight 

acquisition time and high spatial resolution. A quantita-
tive dMRI technique was previously developed to measure 
lung dynamics in terms of volumes and tidal volumes and 
demonstrated its use in TIS treatment planning and evalu-
ation (20–23). The primary aim of the current study was 
to investigate if the same dMRI sequence can also be used 
to measure parenchymal aeration. This bright-blood dMRI 
technique achieves a much higher spatial resolution of ap-
proximately 1 × 1 × 6 mm3 as compared with PREFUL MRI 
(19), with a much shorter acquisition time of 15–20 min-
utes (19–22).

In this retrospective case-control study, we evaluated 
whether changes in air content in individual lungs from end 
expiration (EE) to end inspiration (EI) and from preopera-
tive to postoperative conditions were detectable via dMRI 
standardized signal intensity (sSI). sSI values are derived 
from four-dimensional (4D) constructed dMR images by 
using intensity standardization techniques, which enable 
the MR intensity values to have the specific tissue meaning 
across all individuals (26). Some preliminary results have 
been published in an earlier conference paper (24). This 
work substantially extends that paper by using a cohort that 
is twice as large, adding a phantom experiment for valida-
tion and additional healthy children for repeatability evalu-
ation, providing methods in greater detail, and presenting a 
complete analysis of the results.

Abbreviations
dMRI = dynamic MRI, EE = end expiration, EI = end inspiration, 
4D = four-dimensional, PREFUL = phase-resolved functional lung, 
sSI = standardized signal intensity, TIS = thoracic insufficiency 
syndrome, 3D = three-dimensional, 2D = two-dimensional, UTE 
= ultrashort echo time, VEPTR = vertical expandable prosthetic 
titanium rib

Summary
This study provides a practical and sensitive approach via commonly 
available bright-blood dynamic MRI to measure lung parenchymal 
aeration in pediatric patients to assess lung disease severity and treat-
ment effects.

Key Points
	■ Air content changes of 6.25% were detectable in lung aeration 

phantoms via standardized signal intensity (sSI) in bright-blood 
dynamic MRI, and sSI measurement was highly repeatable.

	■ For healthy children, sSI of the right lung was significantly lower 
than that of the left lung at end expiration (EE) (41 ± 6 vs 47 ± 
6) and end inspiration (EI) (39 ± 6 vs 43 ± 7) (P < .001), and  
sSI at EI was significantly lower than that of EE for both lungs 
(P < .001).

	■ sSI at EE and EI showed a nonsignificant decrease after surgery for 
patients with thoracic insufficiency syndrome (with P values of sSI 
before surgery vs sSI after surgery, left and right lung separately, in 
the range of .13–.51).

Keywords
MR Imaging, Thorax, Lung, Pediatrics, Thoracic Surgery, Lung Pa-
renchymal Aeration, Free-breathing Dynamic MRI, MRI Intensity 
Standardization, Thoracic Insufficiency Syndrome
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Intensity standardization is a well-established postacquisition 
nonlinear image transform technique that is applied to the 4D 
constructed image to provide sSI values (26) so that similar tis-
sues will have similar numeric values.

respiratory phases and roughly 175–280 sections (35 sagittal 
locations × five to eight respiratory phases). For the phantom, 
no 4D construction was required because it is static, and the 
repeatedly acquired sections helped to improve sSI statistics.

Figure 1:  Patient inclusion and exclusion flowchart. dMRI = dynamic MRI, TIS = thoracic insufficiency syndrome.

Figure 2:  Photograph and bright-blood MRI scan of lung aeration phantom. The air occupancy in blocks is depicted 
as the ratio of the volume of air to the volume of block, with a range of 0.50–0.80 from block 7 to block 5 (top to bot-
tom, with 0.05 difference between blocks). Mean signal intensity in blocks decreases (appears darker) with increasing air 
occupancy.
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paired t testing was performed to compare sSI at EE and EI for 
healthy children and patients with TIS preoperatively and post-
operatively. Comparisons of sSI between patients with TIS and 
healthy children were also performed. In all comparisons, P val-
ues less than .05 indicated a statistically significant difference.

Results

Cohort Characteristics
Table 1 summarizes the basic characteristics of 40 healthy 
children (single scan), 10 healthy children (repeated scans), 
and 20 patients with TIS (preoperatively and postopera-
tively). Patients with TIS included nine female and 11 male 
patients with a mean age of 5.4 years ± 4.3 preoperatively and 
7.1 years ± 4.1 postoperatively, and healthy children included 
24 female and 16 male children with a mean age of 9.6 years 
± 2.1. Ten healthy children who underwent repeated scans in-
cluded three female and seven male children with a mean age 
of 10.9 years ± 3.6. Both qualitative and quantitative study 
results are reported below.

Qualitative Results
Figure 2 shows the phantom and its associated MRI scan. The 
intensities within the blocks were visually confirmed to appear 
darker with increasing air content. For the seven blocks, all 21 
possible pairwise comparisons of the blocks indicated that the 
mean sSI differed significantly among blocks (P < .001), even 
between blocks 5 and 4, with the smallest percentage difference 
in aeration ratio of 0.05/0.8 = 6.25%. All 40 repeated scans be-
haved similarly. The Pearson correlation coefficient between sSI 
and air occupancy over the seven blocks was −0.96 (P < .001).

Figure 3 illustrates sagittal dMR images before and after in-
tensity standardization with the same grayscale display range be-
ing set up relative to the middle column image. After intensity 
standardization, similar tissue types from a patient with TIS and 
a healthy child have more similar intensity ranges and can be 
displayed for proper visualization using the same display range.

Figure 4 shows an example of segmented aerated lungs (right 
and left lungs, separately) at dMRI at EE and EI in one male 
patient with TIS and in one healthy male child of a similar age. 
The lung sSI is overlaid in color over the MRI section where 

For lung segmentation, a pretrained U-Net–based deep 
learning network was used to segment each lung in the inten-
sity-standardized 4D image. It yielded a mean Dice coefficient 
for segmentation of 0.97 ± 0.02 (SD) (27). Segmentations 
were manually refined, as needed, under the supervision of a 
radiologist (D.A.T.) with 25 years of expertise in MRI and tho-
racic radiology.

Deriving sSI Properties
For phantoms, rectangular regions of interest were selected in 
each section to fully cover the block but exclude edges of the 
blocks where MRI artifacts are typically observed. For each 
block, the mean ± SD of sSI within the region of interest was 
estimated over all sections.

For patients with TIS and healthy children, the mean ± SD of 
sSI within the aerated portions of the lungs was estimated using 
the segmented lung mask. These aerated portions were obtained 
by setting a threshold to exclude regions corresponding to large 
pulmonary veins and arteries and nonaerated lung tissue, under 
supervision of a board-certified radiologist (D.A.T.). This was 
rather straightforward because lung tissue has much lower signal 
intensity than other tissues within the mask. The mean ± SD sSI 
was determined over the whole 3D lung mask after excluding 
large blood vessels. To determine the operator-dependent vari-
ability of sSI, two operators (C.W., Y.T.) with extensive expe-
rience with dMRI and lung segmentation performed this step 
for capturing aerated portions of the left and right lungs in five 
healthy children and five patients with TIS at EE and EI. sSI val-
ues from the two operators were compared via a paired t test. Ad-
ditionally, sSI values and lung volumes from the repeated scans 
were measured, and the repeatability of those measurements was 
assessed via paired t testing.

Statistical Analysis of sSI
The statistical toolbox in MATLAB (R2019b; MathWorks) 
was used. Pearson correlation analysis was performed to study 
the association between phantom sSI and known air content. 
Two-sided paired t testing was performed to compare the mean 
sSI among blocks taken in pairs.

Pearson correlation analysis was performed to estimate the as-
sociation between sSI and volumetric measurements. Two-sided 

Table 1: Characteristics of Study Cohort

Parameter

Dynamic MRI in Patients with Thoracic Insufficiency Syndrome

Dynamic MRI in 
Healthy Controls

Repeated Dynamic 
MRI in Healthy 
Controls

Preop Group 
(n = 20)

Postop 
Group (n = 20)

P Value (Preop Group 
vs Postop Group)

Sex 9 F, 11 M 9 F, 11 M 24 F, 16 M 3 F, 7 M
Age (y) 5.4 ± 4.3 7.1 ± 4.1 .19 9.6 ± 2.1 10.9 ± 3.6
Height (cm) 94.5 ± 28.8 109.6 ± 26.9 .09 133.6 ± 13.9 145.3 ± 21.2
Weight (kg) 17.1 ± 10.7 21.1 ± 10.2 .22 33.8 ± 11.2 41.6 ± 15.5

Note.—Unless otherwise noted, data are reported as means ± SDs. A total of 40 dynamic MRI examinations were performed in 20 patients 
with thoracic insufficiency syndrome. A total of 40 initial dynamic MRI examinations were performed in 40 healthy controls, and 20 
repeat MRI examinations were performed in 10 healthy controls. Postop = postoperative, Preop = preoperative. 

http://radiology-cti.rsna.org
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colors indicating lower sSI or greater aeration, for one healthy 
child (female, 8.2 years). Two video files depicting the anima-
tions of the dMRI original intensity and sSI overlaid as a color 
map over one respiratory cycle for the same healthy child are 
provided (Movies 1, 2).

Quantitative Results
Table 2 summarizes statistics of sSI and aerated volumes of 
lungs at EE and EI for healthy children and Pearson correlation 
coefficients between sSI and volumes. A very strong correlation 
(r = 0.85–0.92) was found between left and right lung sSI at 
both EE and EI, although right lung sSI was significantly lower 

deeper yellow and red indicate lower sSI or greater aeration. We 
observed that the volume of the lungs at EI becomes larger than 
that at EE, sSI at EI in all instances becomes lower than that at 
EE, and sSI at both EE and EI decrease after surgery.

Figure 5 illustrates the linear correlation analysis between 
lung mean sSI and age in healthy children, demonstrating that 
sSI appears to decrease with increasing age, with slope coeffi-
cients in the range of −0.82 to −0.55. The relationship between 
sSI and age for the left lung (at EE and EI) has a greater slope 
than that for the right lung.

Figure S1 shows the original dMR image and the color map 
of sSI overlaid on dMRI sections, with yellower and redder 

Figure 3:  Intensity standardization (IS) of dynamic MRI (dMRI) scans in two individuals: a patient with TIS before surgery (first, fourth, and seventh columns), the same 
patient with TIS after surgery (second, fifth, and eight columns), and one healthy control (third, sixth, and ninth columns). Sagittal dMR images in three locations through the 
thorax (first through third columns: right lateral, fourth through sixth columns: middle, seventh through ninth columns: left lateral) are shown for both individuals. The grayscale 
display range is set up for display relative to the middle column image. The top row shows images before IS and the bottom row for images after IS. TIS = thoracic insuf-
ficiency syndrome.

Figure 4:  A representative example of aerated lungs on two-dimensional sagittal MR images at EE and EI and three-dimensional lung surface renditions at EE and EI in 
one patient with TIS before surgery (top row, 6.5-year-old male patient), the same patient with TIS after surgery (middle row, 9.2-years old), and one healthy control (bot-
tom row, 7.9-year-old male child). Color maps of sSI are shown overlaid on dynamic MRI sections, with yellower and redder colors indicating lower sSI or greater aera-
tion. EE = end expiration, EI = end inspiration, sSI = standardized signal intensity, TIS = thoracic insufficiency syndrome.
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(P < .001) than left lung sSI at both EE and EI. Although aer-
ated volumes were strongly correlated between left and right 
lungs (r = 0.95–0.97), sSI showed poor negative correlation 
(r = −0.08 to −0.20) with lung volumes at EE and EI for both 
lungs over all healthy children. Similarly, the change of sSI 
from EE to EI showed nonsignificant negative correlation with 
volume change from EE to EI. These negative correlations (for 
sSI and lung volumes) changed to between −0.41 and −0.64 
for healthy children younger than 8 years but approached zero 
for healthy children older than 8 years.

Table 3 summarizes aerated lung sSI and volumes at EE and 
EI for patients with TIS preoperatively and postoperatively. 
sSI from the preoperative group behaved the same way as sSI 
from the postoperative group when comparing EE and EI or 
comparing left lung versus right lung within each group. sSIs 
in EE and EI showed a behavior similar to those in healthy 
children in terms of how sSI values compared and correlated. 
sSI at EE and EI decreased, though not significantly, after sur-
gery for patients with TIS, indicating improved lung aeration. 
The aerated lung volumes (EE and EI, left and right lungs) also 
showed a nonsignificant decrease after surgery. Age-corrected 
sSI (and aerated volumes) for patients with TIS was obtained 
by first fitting a linear function to sSI (and aerated volumes) 
of healthy children as a function of age and then using this 
function to estimate, by extrapolation, what the preoperative 
sSI value (aerated volume) would be for the patient at the 

postoperative age. For example, the function obtained for sSI 
for left lung at EI (Fig 5) was sSI(x) = −0.82x + 54.

Table 4 demonstrates the repeatability of sSI and shows no 
evidence of a difference in the mean sSI of the aerated lungs 
estimated by two operators (with P values of .22 to .67). The 
difference in sSI was 1.6%–4.7%, with all P values less than .05 
for EE (P values of .35 and .42 for patients with TIS and healthy 
children, respectively) and EI (P values of .67 and .42 for pa-
tients with TIS and healthy children, respectively). Table 5 dem-
onstrates the high repeatability of the sSI measurement from re-
peated dMRI scans. No evidence of differences was observed in 
sSI at either EE or EI between the repeated scans (P > .05). The 
experiments also showed a high repeatability of lung volumes 
obtained from repeated dMRI scans, with volume differences of 
1.7% and 2.1% for EI and EE, respectively (P > .05). To study 
the variation of sSI and repeatability of sSI in different regions 
of the lungs, each lung was split into three regions—superior 
third, middle third, and inferior third—and sSI was estimated 
in these regions in the repeated scans. The results demonstrated 
that sSI in the superior region was significantly lower than sSI 
in the middle and inferior regions (Table 6, all P values < .001 
of superior region vs middle region). Across the repeated scans, 
there was no evidence of a difference in repeated sSI measure-
ments for each region (all P values in the range of .38–.97).

Furthermore, by using a linear mixed model with patient ran-
dom effects, we found a significant decrease in mean sSI of 10.12 

Figure 5:  Linear correlations between standardized signal intensity (sSI) (vertical axis) and age in years (horizontal axis) in healthy chil-
dren for left and right lungs at end inspiration (EI) and end expiration (EE). LLIee = left lung signal intensity at EE, LLIei = left lung signal intensity 
at EI, RLIee = right lung signal intensity at EE, RLIei = right lung signal intensity at EI.

http://radiology-cti.rsna.org
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(P = .01) from before to after surgery and a significant mean 
difference of 11.14 (P = .006) between expiration and inspira-
tion. Left versus right lung, as well as interaction terms, were 
considered but none were statistically significant. These findings 
are also supported using a two-way analysis of variance model.

Discussion
We developed a method to estimate lung aeration at dMRI 
based on an aeration phantom and assessed its utility on 40 
thoracic dMRI scans in 20 patients with TIS (before and after 
surgery), 40 dMRI scans in healthy children, and 20 repeated 
dMRI scans in healthy children. We observed that the aver-
age sSI of the lung at EI was significantly lower than that at 
EE (43 ± 7 at EI vs 47 ± 7 at EE for left lung and 39 ± 6 at 
EI vs 41 ± 7 at EE for right lung, with both P values < .001) 
in healthy children and had similar observations for patients 

with TIS, indicating an inverse association between lung air 
occupancy and lung sSI. Additionally, the sSI of the right lung 
(before surgery: 61 ± 22, after surgery: 63 ± 21) was signifi-
cantly lower than that of the left lung (before surgery: 71 ± 26, 
P = .007; after surgery: 57 ± 23, P = .02) at EI, although the 
sSIs of the two lungs were highly correlated (with preoperative 
correlations of 0.81 and 0.83 for EI and EE, respectively, and 
postoperative correlations of 0.90 and 0.95 for EI and EE, re-
spectively). Lung sSI in patients with TIS (before and after sur-
gery) showed moderate negative correlations (−0.52 to −0.27) 
with aerated lung volumes. Lung sSI at EE of patients with TIS 
before and after surgery did not significantly differ, suggesting 
that surgical intervention has a greater influence on lung aera-
tion during inspiration than at resting volume.

Electrical impedance tomography, a noninvasive and real-
time technique, permits assessment of physiologic and potential 

Table 2: Standardized Signal Intensity and Volume of Left and Right Aerated Lungs at 
End Expiration and End Inspiration for 40 Healthy Pediatric Controls

Parameter Aerated Lung sSI Aerated Lung Volume

LL at EI 43 ± 7 427.2 ± 134.6*
RL at EI 39 ± 6 564.6 ± 161.1*
LL at EE 47 ± 7 346.5 ± 122.5*
RL at EE 41 ± 6 462.5 ± 143.7*
Paired t test, RL vs LL
  P value, LL at EI vs RL at EI <.001 <.001
  P value, LL at EE vs RL at EE <.001 <.001
Paired t test, EI vs EE
  P value, LL at EI vs LL at EE <.001 <.001
  P value RL at EI vs RL at EI <.001 <.001
Pearson correlation coefficients
  LL at EI vs LL at EE 0.92 0.97
  RL at EI vs RL at EE 0.92 0.99
  LL at EI vs RL at EI 0.85 0.95
  LL at EE vs RL at EE 0.86 0.97
  LL at EI† −0.16
  RL at EI† −0.12
  LL at EE† −0.20
  RL at EE† −0.08
  LL at EE and EI† −0.29
  RL at EE and EI† −0.17
  FRC of LL at EE† −0.07
  FRC of RL at EE† −0.15
  sSI of LL at EE vs volume of BL at EE −0.21
  sSI of RL at EE vs volume of BL at EE −0.07
  FRC of volume of BL at EE 0.48

Note.—Means ± SDs of sSI and aerated lung volume are shown, as well as Pearson correlation 
coefficients among sSIs, among volumes, and between sSI and volume. Among 40 healthy children, 
functional residual capacity (FRC) assessment from pulmonary function testing was available for 
only 24 children. BL = both lungs, EE = end expiration, EI = end inspiration, LL = left lung, RL = 
right lung, sSI = standardized signal intensity.
* Lung volume presented in milliliters.
† Pearson correlation coefficient is comparing sSI versus volume for the given parameter.
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Table 3: Standardized Signal Intensity and Volume of Left and Right Aerated Lungs at End Expiration and End Inspira-
tion for 20 Patients with TIS

A: Before Surgery

Parameter Aerated Lung sSI Aerated Lung Volume
LL at EE 79 ± 32 348.4 ± 302.8*
RL at EE 73 ± 30 489.9 ± 485.1*
LL at EI 71 ± 26 429.5 ± 355.2*
RL at EI 61 ± 22 601.6 ± 537.3*
Paired t test, RL vs LL
  P value, RL at EE vs LL at EE .14 .02
  P value, RL at EI vs LL at EI .007 .03
Paired t test, EI vs EE
  P value, LL at EI vs LL at EE .002 <.001
  P value, RL at EI vs RL at EE <.001 <.001
Correlation
  LL at EI vs RL at EI
    PC 0.81 0.91
    P value .1 .02
  LL at EE vs RL at EE
    PC 0.83 0.82
    P value .007 .03
  PC, LL at EE† −0.52
  PC, LL at EI† −0.47
  PC, RL at EE† −0.50
  PC, RL at EI† −0.47

B: After Surgery

Parameter Aerated Lung sSI Aerated Lung Volume
LL at EE 69 ± 24 388.7 ± 239.3*
RL at EE 65 ± 21 565.8 ± 353.9*
LL at EI 57 ± 23 497.5 ± 258.2*
RL at EI 53 ± 21 726.9 ± 394.0*
Paired t test, RL vs LL
  P value, RL at EE vs LL at EE .09 <.001
  P value, RL at EI vs LL at EI .02 <.001
Paired t test, EI vs EE
  P value, LL at EI vs LL at EE <.001 <.001
  P value, RL at EI vs RL at EE .002 <.001
Correlation
  LL at EI vs RL at EI
    PC 0.90 0.92
     P value .10 <.001
  LL at EE vs RL at EE
    PC 0.95 0.84
    P value .02 <.001
LL at EE† −0.40
LL at EI† −0.45
RL at EE† −0.27
RL at EI† −0.35

(Table 3 continues)
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Table 3 (continued): Standardized Signal Intensity and Volume of Left and Right Aerated Lungs at End Expiration and 
End Inspiration for 20 Patients with TIS

C: Before Surgery vs after Surgery‡

Parameter Preoperative sSI, Age Corrected Preoperative Aerated Lung Volume, Age Corrected
LL at EE 73 ± 34 490.0 ± 365.0*
RL at EE 69 ± 32 642.3 ± 547.0*
LL at EI 66 ± 28 579.2 ± 422.2*
RL at EI 56 ± 23 768.0 ± 604.6*
P value, LL at EE .51 .08
P value, RL at EE .5 .32
P value, LL at EI .13 .27
P value, RL at EI .48 .64

Note.—Means ± SDs of sSI and aerated lung volume are reported, as well as P values from paired t tests. Pearson correlation coefficients 
(PCs) are also listed for sSI and volume. EE = end expiration, EI = end inspiration, LL = left lung, RL = right lung, sSI = standardized 
signal intensity, TIS = thoracic insufficiency syndrome.
* Lung volume presented in milliliters.
† Values are comparing sSI and volume.
‡ Comparisons made using paired t test.

Table 4: Comparisons of Standardized Signal Intensity of Aerated Lungs at End Expi-
ration and End Inspiration in Patients with TIS and Healthy Controls

Parameter

Patients with TIS Healthy Controls

EI EE EI EE

Operator 1 64 ± 27 79 ± 24 43 ± 4 46 ± 6
Operator 2 65 ± 25 77 ± 21 41 ± 4 48 ± 6
P value, operator 1 vs operator 2 .67 .35 .22 .42

Note.—A total of 10 lungs in five patients with TIS and 10 lungs in five healthy controls were 
compared. Values were measured by two operators. Means ± SDs of standardized signal intensity 
are reported, along with P values from paired t test comparisons. EE = end expiration, EI = end 
inspiration, TIS = thoracic insufficiency syndrome.

Table 5: Comparisons of Standardized Signal Intensity and Lung Volume at End Expi-
ration and End Inspiration from Repeated Scans in Healthy Controls

Parameter

sSI Lung Volume Difference (%)

EI EE
P Value,  
EI vs EE EI EE

First scan 36 ± 5 40 ± 7 .001 1.74 ± 1.23 2.13 ± 1.55
Second scan 36 ± 7 40 ± 8 .01
P value, first vs 

second scan
.67 .65 … .83 .51

Note.—A total of 20 repeated scans were performed in 10 healthy controls. Means ± SDs of sSI are 
reported, along with P values from paired t test comparisons. Lung volume difference is calculated 
as (Vfirst – Vsecond)/Vfirst, where Vfirst is the volume at the first scan and Vsecond is the volume at the 
second scan. EE = end expiration, EI = end inspiration, sSI = standardized signal intensity.
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pathophysiologic evolutions, such as the evolution of a tumor. 
In the study by Zhang et al (29), this technique has been used to 
detect changes in lung parenchymal aeration but was evaluated 
only in a few (eight total) adults with scoliosis. Other methods 
have assessed the change in air content in lungs at only a few 
sections/locations, as in the studies by Tibiletti et al (15) and 
Burjek et al (30). The study by Zapke et al (31) is perhaps the 
one closest to our study, which showed a high correlation (r = 
0.8) between MR image–based ventilation volumes and forced 
vital capacity. However, it used dynamic MRI in a single coro-
nal plane corresponding to the middle section through the two 
lungs for estimation of local ventilation based on several assump-
tions, including an assumed model of the shape of the lungs. A 
ratio factor of the intensity change at every time point to the 
reference intensity at expiration was defined to reflect the vol-
ume change, and the volumes of the entire lungs were then es-
timated by using lung volumes from static MRI multiplied by 
that ratio factor. Six sample regions of interest were manually 
placed within the lung at different respiratory phases to estimate 
the intensity change. Our method is fully 3D, dynamic (truly 
4D), and, we believe, more practical and realistic for pediatric 
patients than that presented in Zapke et al (31) or any other 
existing approaches (39,40). It does not make any assumptions 
about lung shape or pattern of intensity change; such assump-
tions may be invalid in the case of patients with TIS and patients 
with other disorders. Our approach simply measures the volume 
and intensity parameters directly from acquired true 4D imagery 
of the full thorax under free-breathing conditions without any 
requirements for specific breathing maneuvers. Another poten-
tial issue for the method in Zapke et al (31) is the large section 
thickness of 60 mm (vs 6 mm in our study). A previous study 
reported quantification of lung parenchymal density via UTE 
MRI with comparison to CT (41), where MR images were ac-
quired in the free-breathing condition and then retrospective re-
spiratory self-gating (42) was used to build the image at EE and 

EI. All experiments in two studies by Higano et al (41,42) were 
performed by using adult data, and the lungs were segmented 
manually. Their focus was on comparing the mean lung intensity 
at UTE MRI after normalizing it to the muscle intensity at CT. 
However, the comparison between EE and EI to assess the sen-
sitivity of signal intensity to detect aeration change in the lungs 
was not reported. We observed that sSI is lower (higher aeration) 
in the superior portion of the lungs compared with the middle 
and inferior regions. Although ventilation (gas exchange) is not 
necessarily equivalent to aeration/air occupancy, interestingly, 
ventilation has also previously been reported to be nonuniform 
in the lungs (32–34).

We used sSI of the lungs guided by the high correlations be-
tween air occupancy and sSI shown in our phantom experiment. 
Earlier studies (20,23) illustrated how left and right lung vol-
umes and tidal volumes and left and right hemidiaphragmatic 
and hemichest wall volume displacements can be measured at 
dMRI to determine a normative database and to estimate the 
effects of TIS surgery on the ventilatory pump. The method pro-
posed in this article potentially adds a physiologic component 
to these assessments, all within a single MRI acquisition, with 
highly repeatable measurements.

The linear correlation analysis between mean lung sSI and 
age in healthy children demonstrates that sSI decreases with 
increasing age (as shown in Fig 5). The relationship between 
sSI and age for the left lung (at EE and EI) has a greater slope 
than that for the right lung. This is an interesting finding, 
although we have not found a similar result in the literature. 
This suggests that when healthy children are at younger ages, 
their left lung seems to have higher sSI than their right lung, 
but the sSI decreases more rapidly with age, such that when 
the children are at older ages, the left and right lung sSI are 
closer to each other.

The negative correlations (for sSI and lung volume) changed 
from −0.41 to −0.64 for healthy children younger than 8 years 

Table 6: Standardized Signal Intensity to Characterize Parenchyma within Three Lung Portions on Repeated 
Scans of Single Lung in Healthy Controls

Parameter S M I P Value, S vs M P Value, S vs I P Value, M vs I

First scan
  EE 28 ± 8 44 ± 11 40 ± 8 <.01 .002 .12
  EI 24 ± 4 38 ± 7 38 ± 6 <.001 <.001 .87
  P value, EE vs EI .024 .004 .034 … … …
Second scan
  EE 29 ± 8 44 ± 10 41 ± 9 <.001 .001 .2
  EI 26 ± 8 39 ± 8 37 ± 7 <.001 .003 .54
  P value, EE vs EI .03 .01 .01 … … …
P value, first scan vs second scan
  EE .58 .97 .55 … … …
  EI .38 .63 .54 … … …

Note.—Means ± SDs of sSI are reported, along with P values from paired t test comparisons. Parenchyma was characterized in 
superior (S), middle (M), and inferior (I) lung portions on 20 repeated scans of a single lung in 10 healthy controls. Repeated 
scans include first and second scans. EE = end expiration, EI = end inspiration, sSI = standardized signal intensity.
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but approached zero for healthy children older than 8 years, con-
sistent with prior work on human normal lung growth and al-
veolar multiplication (28), where alveolar multiplication is most 
rapid in the first few years of life and appears to slow down and 
perhaps stop by age 8 years.

One limitation of our study was the relatively small sample 
size of the group of patients with TIS, which prevented us from 
performing analyses based on more finely divided age groups of 
children and separately for male and female individuals. Yet, we 
were able to compare lung signal intensities between EE and EI 
for patients with TIS and healthy children and between preop-
erative and postoperative states in patients with TIS, observing 
that lung volumes increased and sSIs decreased after surgery. 
Although in this first attempt we chose to assess aeration prop-
erties for the whole left and whole right lungs and in craniocau-
dal thirds of the lungs, these properties can be further assessed 
more regionally in the lungs in the future; for example, assess-
ments can be made based on individual lung lobes, as sSI values 
are available at the voxel level. Such analysis may be helpful in 
understanding change in aeration as a function of the different 
types of spinal, chest wall, and diaphragmatic deformities and 
their corrective procedures.

To our knowledge, this is the first study to demonstrate a 
practical approach (considering both temporal and spatial reso-
lutions) for lung parenchymal aeration measurement via thoracic 
dMRI that can be useful for quantifying physiologic changes in 
healthy children because of maturation, as well as pathophysio-
logic changes due to TIS and the effects of surgical intervention. 
Our results show that air occupancy changes are detectable via 
standardized signal intensity measurement at dMRI, that signal 
intensity of the lungs at EI is significantly lower than that at EE, 
and that lung aeration improvement is detectable following sur-
gical intervention in patients with TIS. This method may have 
great potential for the noninvasive quantitative assessment of re-
gional lung function in other pediatric patient populations, as 
well as in adult patients with a wide variety of clinical disorders 
that may affect respiratory function.
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