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Abstract

Objective—To evaluate the use of inflation-fixed lung tissue for emphysema quantification with
CT and 3He MR diffusion imaging.

Methods—Fourteen subjects representing a range of chronic obstructive pulmonary disease
severity who underwent complete or lobar lung resection were studied. CT measurements of lung
attenuation and MR measurements of the hyperpolarized 3He apparent diffusion coefficient (ADC)
in resected specimens fixed in inflation with heated formalin vapor were compared with
measurements obtained before fixation.

Results—The mean CT emphysema index was 56% * 17% before and 58% + 19% after fixation
(P=0.77; R=0.76). Index differences correlated with differences in lung volume (R2=0.47). The
mean 3He ADC was 0.40 + 0.15 cm?/sec before and 0.39 + 0.14 cm?/sec after fixation (P=0.03,
R=0.98). The CT emphysema index and the 3He ADC were correlated before (R=0.89) and after
fixation (R=0.79).

Conclusion—Concordance of CT and 2He MR imaging measurements in unfixed and inflation-
fixed lungs supports the use of inflation-fixed lungs for quantitative imaging studies in emphysema.

INTRODUCTION

Emphysema can be quantified noninvasively from CT measurements of lung attenuation and
MR measurements of the apparent diffusion coefficient (ADC) of hyperpolarized 3He.1:2
Technical parameters such as the CT tube current,3:4 section thickness,® and reconstruction
algorithm,%7 and the MR diffusion time® and gradient strength® may influence these
measurements. For the controlled evaluation of the impact of such scanning and image
reconstruction parameters on quantitative imaging measurements, the ability to perform
repeated scans of the same lungs under constant conditions would be desirable.

Fixation of the lung in inflation using heated formalin vapor is a means of obtaining a
histologically19=12 and radiographically1:12 accurate representation of in vivo inflated state
of the lung. To our knowledge, however, the quantitative CT imaging characteristics of
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inflation-fixed lungs and the ability to perform 3He MR imaging with inflation-fixed lungs
have not been assessed. We hypothesized that lung tissue fixed in inflation with heated formalin
vapor could serve as a realistic physical model for quantitative CT and 3He MR measurements
of emphysema. To evaluate this, we compared CT and 3He MR measurements of emphysema
in lungs scanned before and after fixation.

MATERIALS AND METHODS

Subjects and Lung Specimens

This investigation was performed with approval of the local institutional review board, and
informed consent was obtained from patients or relatives as appropriate.

The specimens were acquired from 14 patients (Table 1): 5 who had lobectomy for treatment
of lung cancer; 7 who had lung transplantation for end-stage chronic obstructive pulmonary
disease; and 2 organ donor victims of fatal head trauma without radiographic pulmonary
infiltrates. Both lungs were obtained from four of the lung transplant patients and one of the
head trauma victims, for a total of 19 lung specimens from the 14 subjects. There was no clinical
evidence of active lung infection or history of asthma or diffuse lung disease other than
emphysema, and no pulmonary infiltrate or more than subsegmental atelectasis on preoperative
chest radiograph or CT scan. Lung cancer did not involve the central bronchi occupied less
than 25% of the lobe to be resected. Previous CT and MR imaging-pathology correlation studies
involving the lung specimens used in this study confirmed a wide range of airspace enlargement
characteristic of emphysema as measured by quantitative histology.13:14

Upon resection, the deflated lobectomy and pneumonectomy specimens were stored in a
refrigerated room kept at 4.4° C. The specimens were prepared for imaging and formalin vapor
fixation within one day in the vast majority of cases, and within three days in all cases. The
preparation involved attachment of a polytetrafluoroethylene graft and plastic connector with
flexible tubing to the bronchial stump for inflation of the lung, with subsequent sealing of any
air leaks.15

Lung Fixation

The lungs were fixed in inflation for 4-10 hours with heated formalin vapor using a method
based on previously reported techniques.19~12 This method prevents the collection of water
the lung airspaces by continuous, externally-driven ventilation of the lung. In summary, the
lung specimen was suspended inside a sealed Plexiglas chamber by tubing connected from the
bronchus to a ventilation circuit (Fig. 1). Heated formalin vapor was produced by a heating
coil within a pool of 50% formalin in the bottom of the chamber heated to 46°C. The lung was
ventilated under positive pressure of 12—-25 cm H,0O using a diaphragm pump, with an
electronically controlled circuit that provided a brief exhalation (< 1 sec) every 6-8 sec.

Imaging Studies

CT—CT was performed preoperatively in vivo, and postoperatively on the inflation-fixed
specimens. Preoperative CT scans were not obtainable for the two head trauma victims, or for
two of the lung cancer patients due to patient availability and scheduling constraints. Thus, in
vivo and post-fixation CT images of 14 specimens from 10 subjects were available for
comparison. The in vivo CT images were acquired within 24 hours of surgery in all but two
cases, in which CT was performed 7 and 9 days prior to surgery.

CT scanning was performed on a Siemens 16-row multidetector scanner (Sensation 16) at full
inspiration, without intravenous contrast, using a low-radiation-dose technique (30 effective
mAS). Technical parameters were: 120 kVp; 90 mA, scan time 0.5 sec; pitch 1.5; and detector
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collimation 0.75 mm. Specimens were scanned in a plastic tub in an orientation approximating
that during in vivo scanning with the patient supine. All CT scans were reconstructed at 10
mm slice thickness using a medium-smooth reconstruction filter (Siemens’ B30f), except for
the scan of one lung transplant patient in which a sharp reconstruction filter (Siemens’ B60f)
was used for both the in vivo and post-fixation images.

MR—Pre-fixation MR scanning was performed on the resected lung specimens rather than
preoperatively in vivo. This was done to ensure a uniform distribution of 3He gas for
measurement of the ADC throughout the lungs before and after fixation, as regional
heterogeneity of 3He gas distribution with multifocal defects may be present after a single
breath inhalation in vivo in chronic obstructive pulmonary disease.16—18

A pre-fixation MR scan was not obtainable for the lung specimens of three patients due to
scanner-related technical problems or scheduling constraints. Thus, prefixation and post-
fixation 3He MR scans of 13 specimens from 11 subjects were available for comparison. The
pre-fixation MR scans were performed within 2 days after resection in all but two cases, in
which MR was performed on specimens from lung transplant patients 4 and 9 days after
resection. Post-fixation MR scanning was performed with the fixed, inflated lung specimens
positioned in the same orientation as the pre-fixation scan.

The MR scans were performed on a Siemens 1.5 T MR scanner (Magnetom Vision), using a
lab-built, transmit-receive, single-turn solenoid coil tuned to the 3He resonance frequency of
48.47 MHz. The 3He gas was laser-polarized by the spin-exchange techniquel® using a lab-
built apparatus or acommercial polarizer (GE Healthcare), both of which provided polarization
levels of 30-40%. To prevent oxygen-induced depolarization of the 3He gas,2° the lung
specimens, tubing, and 1 liter gas delivery syringe were purged with 100% N> gas immediately
prior to imaging. Approximately 350-500 ml of 3He were mixed with 500-650 ml of N5 in
the delivery syringe. This was injected to an intrapulmonary pressure of 13-18 cm H,0,
withdrawn, and reinjected to the same pressure two to three more times to distribute 3He gas
throughout the lung. The inflation-fixed lungs had limited distensibility and contained small
leaks that resulted in prompt equilibration of the lungs to atmospheric pressure after gas was
injected.

The MR images were obtained using two interleaved 2D gradient echo pulse sequences, with
a bipolar diffusion gradient applied between imaging pulses.?! Technical parameters were:
diffusion time (beginning of positive lobe to beginning of negative lobe of bipolar gradient
pulse) = 1.6 msec; b-value (y2G2t3 , where v is the nuclear gyromagnetic ratio, G is the gradient
amplitude, t is the bipolar pulse duration, and is a dimensionless number related to the shape
of the pulse 22) = 0 s/cm? for the first image and 1.38 s/cm? for the second image; repetition
time = 18.2 msec; echo time = 6.0 msec; flip angle = 1-5°; slice thickness = 1.0 cm; no interslice
gap; matrix = 64 x 64; and field of view = 35 cm (5.5 mm x 5.5 mm pixel dimensions).

Image Analysis

CT—The CT images were analyzed using the Pulmonary Analysis Software Suite and
Emphysema Profiler desktop computer program (VIDA Diagnostics, lowa City, IA) .23:24 The
outer lung margins were automatically segmented by the program on the in vivo scans, and
manually traced on the ex vivo specimen scans. For the lobectomy cases in which lobar
segmentation of the in vivo CT was required for comparison with the ex vivo fixed specimen
CT, the automated segmentation result was edited manually to further segment the lobe. An
emphysema index was quantified as the percentage of all lung pixels having attenuation lower
than —910 H.25 Additional calculated lung histogram attenuation statistics included the mean
attenuation and the total segmented lung volume.
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MR—The MR images were analyzed using custom software written in C. ADC values were
calculated for each pixel according to the formula ADC = 1/b x In(Sp/Sp), where b=1.38 s/
cm2,Sy is the signal intensity at b=0 s/cm?, and Sy, is the signal intensity at b=1.38 s/cm?.
Emphysema was quantified as the mean ADC of all voxels in each specimen having signal
intensity at least 2.5 times the background noise level. The lung volume was determined as the
total volume of all voxels used to calculate the mean ADC.

Statistical Analysis

RESULTS

Each lung specimen was processed individually and thus treated as a separate data point. Data
are presented as mean values + standard deviation. Imaging measurements obtained before and
after fixation were compared using two-tailed, paired t-tests and Pearson correlation.
Calculations were made using Microsoft Excel 2003 (Redmond, WA). P values < 0.05 are
considered statistically significant.

All lungs were successfully fixed in inflation. The CT appearance of the fixed lungs resembled
the in vivo CT appearance (Fig. 2A). With MR imaging, the 3He injected via the ventilation
syringe became homogeneously distributed throughout the lung or lobe both before and after
fixation (Fig. 2B).

CT in vivo vs. post-fixation

There was no significant difference between the mean in vivo and post-fixation CT emphysema
index or mean lung attenuation, and the measurements were correlated (Table 2, Fig. 3B). In
9 of the 14 specimens, the post-fixation CT emphysema index was within 6 percentage points
of the in vivo index. In the other 5 specimens, the postfixation index was from 12 to 24

percentage points higher or lower than the in vivo index; these 5 specimens were all from lung
transplant patients with severe emphysema in whom the in vivo index was greater than 60%.

The post-fixation specimen volume measured by CT correlated with the in vivo volume (Table
2). However, the mean post-fixation volume measured by CT was 11% smaller than the in vivo
volume, and ranged from 27% smaller to 35% larger. The in vivo-to-post-fixation difference
in CT-measured lung volume correlated with the difference in emphysema index (R=0.68,
P<0.01) (Fig. 3B).

SHe MR pre- vs. post-fixation

A statistically significant but minimal decrease in the mean ADC of 0.01 cm?/s was found on
the post-fixation scans, and the pre-fixation and post-fixation ADC were strongly correlated
(Table 2, Fig. 4). In 9 of the 13 specimens, the post-fixation ADC measurement was within
0.02 cm?/s (5%) of the pre-fixation value. In the other 4 specimens, the post-fixation ADC was
0.04 to 0.06 cm?/s (10-14%) lower than the pre-fixation ADC.

The post-fixation specimen volume measured by 3He MR correlated with the prefixation
volume (Table 2). There was no statistical difference between the mean pre- and post-
fixation 3He MR volumes (Table 2), though the post-fixation measurements ranged from 59%
smaller to 107% larger than the pre-fixation measurements. There was a non-significant trend
toward correlation between the pre-post fixation differences in volume and the differences in
ADC measurements (R=—0.47, P=0.10).

CT vs. 3He MR

The CT emphysema index and the 3He ADC were correlated in the 8 cases before fixation and
in the 16 cases after fixation in which both CT and MR were performed (Fig. 5). The CT
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and 3He MR-measured lung volume also were correlated in the 8 common pre-fixation cases
(R=0.78, P=0.02) and 16 common post-fixation cases (R=0.94, P<0.001). However, there was
atrend for the CT volume to be greater than the 3He MR volume: the mean volume of the 8
common pre-fixation cases was 2899 + 2019 ml for CT vs. 1934 + 1308 ml for 3He MR
(P=0.07), and the mean volume of the 16 common postfixation cases was 2663 + 1249 ml for
CT vs. 2455 + 1019 ml for 3He MR (P=0.09).

DISCUSSION

Materials such as cork,28 synthetic foam,2” and dried potato flakes?® have been used to
investigate the influence of technical factors on CT measurements in the low attenuation range
of lung tissue. Although these materials may produce appropriate attenuation values, they do
not replicate the complex structure of normal or emphysematous lungs. Thus, they may not be
ideal for assessing technical issues related to CT emphysema quantification. Preparation of
explanted lungs for radiographic and CT imaging studies by instilling and subsequently
draining liquid formalin inflation has been described, though the effects of this method on the
quantitative imaging characteristics of the lungs were not fully evaluated.29:30

Previous studies have shown that fixation of the lung in inflation with heated formalin vapor
preserves its microscopic architecture.11:12:31 Good correlation between subjective
emphysema grading of CT scans of inflation-fixed lungs and pathologic grade has been
demonstrated.32 Our study shows that lung tissue fixed in inflation with heated formalin vapor
also retains the CT and 3He diffusion MR imaging characteristics relevant to emphysema
quantification. This supports the use of inflation-fixed lung tissue as a highly realistic phantom
for technical studies involving CT and 3He MR quantification of emphysema.

The concordance of post-fixation specimen CT attenuation measurements with measurements
obtained from the preoperative in vivo CT scans was good on average, but was somewhat
inconsistent across subjects. Differences between the in vivo and postfixation volume of the
lung were found to be a major reason for this, accounting for nearly half of the variability in
the emphysema index measurements (Fig. 3b), similar to previous estimates,33:34
Unfortunately, the post-fixation volume of air in the lung, which depends on the distending
pressure during fixation, the elasticity of the tissue after fixation, and the amount of formalin-
induced tissue shrinkage, is difficult to control in a predictable manner.

It is likely that variation in the degree of exsanguination of the lungs during removal also
contributed to the variation in the CT emphysema index between the in vivo and ex vivo scans,
asagreater degree of exsanguination and less intravascular blood would be expected to increase
the index, and vice-versa. Variability in the amount of formalin vapor absorbed by the lung
tissue, or collection of fluid in the airspaces during fixation should have a similar effect.
However, we did not measure lung weight before and after fixation, and could not assess
whether there were differences that correlated with differences in CT attenuation
measurements. X-ray beam attenuation by chest wall and mediastinal structures, and lung
motion artifacts caused by cardiac pulsation, also may have had a variable impact on the in
vivo lung attenuation measurements that was not present on the specimen scans.

In contrast to the CT measurements, a statistically significant decrease in the ADC was found
on the post-fixation 3He MR diffusion measurements. However, this difference of 0.01 cm?/
sec was exceedingly small, and there was a high degree of direct concordance for the pre- and
post-fixation MR measurements in most individual cases. This suggests that the size and
architecture of the lung airspaces in their inflated state is preserved by the fixation process.

Relatively reduced distention of the airspaces after fixation, interstitial thickening due to
absorption of formalin, or collection of fluid in the airspaces would be expected to reduce the

J Comput Assist Tomogr. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gierada et al.

Page 6

ADC, while fixing the lung in an overinflated or dried state would increase the ADC. However,
there was only a small range of differences between the pre- and postfixation ADC values, and
these differences were not significantly correlated to the differences in lung volume. This
relative insensitivity of the ADC to lung volume changes corroborates data reported in other
studies.35:3% It likely reflects the geometric relationship between radius and volume, in which
the radius of a sphere or cylinder changes by the cube root or square root, respectively, of the
change in volume (i.e., more slowly than the volume itself). The relative role of collateral
pathways,3” which include interalveolar pores, bronchioloalveolar communications, and
interbronchiolar channels, on gas diffusion and ADC measurements is uncertain. Normal
interalveolar pores may be blocked by surfactant in vivo,38 while a reduced resistance to
collateral airflow in emphysema37:39 suggests that collateral pathways are enlarged and/or
new ones are created. Regardless of any effect of formalin fixation on the patency, number,
and size of collateral pathways, there was little net effect of formalin fixation on the ADC
measurements.

Lungs air dried in inflation are another potential model system for 3He MR diffusion imaging,
as shown in a study of four normal rabbit lungs#° A relative advantage of air-dried lungs is the
lack of noxious fumes, which are fairly strong with formalin vapor-fixed lungs. To our
knowledge, use of air-dried lungs in 3He MR diffusion imaging has not been evaluated in the
setting of emphysema. A disadvantage is that air-dried lungs have a stiff, brittle texture and
are somewhat fragile. Because all water is removed, in contrast to formalin vapor-fixed lungs,
they would be expected to have much lower CT attenuation and likely would not be useful as
a CT phantom.

There are several limitations to this study and the fixation technique used. Both pre- and post-
fixation imaging with CT and MR was not obtainable in all cases, resulting in comparisons of
different numbers and combinations of subjects for the CT and MR parameters. We had no
specimens from normal subjects for the CT analysis, which slightly limited the range of lung
attenuation evaluated in the CT comparisons. The use of single lungs and lobes for the analyses
precluded comparisons with spirometry and plethysmographic lung volume measurements. It
should be noted that the use of concentrated formalin requires caution during fixation, handling,
and storage of the lungs due to strong toxic fumes. Though the inflation-fixed lung tissue
maintains a distended state, it retains some compliance and must be handled with care as
external pressure can result in permanent deformation. The long-term stability of the
measurements was not assessed, but could be affected by continued formalin-induced
shrinkage or eventual drying.

In summary, this study demonstrates that fixation of lungs with heated formalin vapor preserves
the unique quantitative imaging characteristics of lung tissue altered by emphysema. Due to
the apparent sensitivity of the CT and MR measurements to several variables associated with
lung fixation that may be difficult to control, the post-fixation CT measurements may deviate
from pre-fixation measurements in a minority of cases. Nevertheless, lungs fixed in inflation
with heated formalin vapor may provide a realistic physical model for investigating the effects
of technical imaging parameters on emphysema quantification, and. may also be used for
detailed study of the effects of emphysema on the lungs using imaging techniques. In contrast
to the in vivo setting, the technique allows repeated imaging of the lungs under stable volume
conditions, without concern for patient safety or tolerance.
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FIGURE 1.

Process of fixation in inflation with heated formalin vapor. A, Right upper lobe, resected from
a 68-year-old man due to a 2 cm bronchoalveolar cell carcinoma, suspended by ventilation
tubing within fixation chamber at the start of the fixation process. The front panel of the
chamber has been removed. The fixation apparatus consists of a heating coil within a pool of
37% formalin inside the chamber, and an electronically-controlled ventilation circuit connected
to a diaphragm pump, seen to the left of the chamber. B, Anterolateral surface view of the
inflation-fixed lobe removed from the chamber after 10 hours of fixation. A 15 cm ruler is
shown for scale. C, Medial surface view shows connection to bronchus and multiple glued
patches of latex cut from medical gloves used to seal leaks in the pleural surface. S-superior
aspect; P-posterior aspect; AM-anteromedial aspect; A-anterior aspect; MF-minor fissure
surface.
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FIGURE 2.

A, CT images of right lung of a 58-year-old woman with severe emphysema obtained in vivo
prior to transplantation, and after fixation of the explanted specimen, show a similar appearance
of vascular anatomy and emphysematous changes (left), and similar areas of pixels with
attenuation <—910 H (right, highlighted in green). Emphysema index for the whole lung was
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62% in vivo and 76% in the fixed specimen. B, 3He MR images from same lung as in (A) show
a uniform distribution of 3He signal on the 3He-density images (left). Despite a 15% increase
in volume on the post-fixation images, note similar distribution of ADC values on ADC maps
(right) before and after fixation. Mean whole-lung ADC was 0.55 cm?/sec before fixation and
0.54 cm?/sec after fixation.
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FIGURE 3.

A, Scatter plot shows correlation between in vivo and fixed specimen CT emphysema index
measurements (R=0.76, P=0.001). Dotted line is line of identity. B, Scatter plot shows
relationship between difference in CT lung volume and difference in CT emphysema index
(R =0.68, P<0.01). Values are post-fixation minus in vivo measurements. Solid line is from
linear regression (slope=0.90, y-intercept=—0.08).
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FIGURE 4.

Scatter plot shows correlation between individual specimen 3He ADC measurements before

and after fixation (R=0.98, P<0.001). Dotted line is line of identity.
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FIGURE 5.

Scatter plots show relationship between CT emphysema index and 3He ADC measurements

obtained in the same individual specimens. A, Before fixation (R=0.95, P<0.001; slope=0.41,
y-intercept=0.28). B, After fixation. (R=0.78, P<0.001; slope=0.51, y-intercept=0.17) fixation.
Solid lines are from linear regression.
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Subject characteristics

TABLE 1

Transplant (N=7) Lobectomy (N=5) Donor (N=2)
F:M 4:3 3:2 0:2
Age, yrs (range) 58.6 + 3.2 (54.3-63.8) | 67.9+4.0(62.3-73.6) | 21.5(21-22)
Smoking history, pack years (range) 56 + 21 35-90 81 + 39 42-135 NA™
FEV{, % of predicted (range) 18 + 4 (13-25) 72 £ 21 (45-95) NA
FVC, % of predicted (range) 53 +19 (36-90) 98 + 16 (78-118) NA
TLC, % of predicted (range) 145 + 19 (113-171) 129 + 32 (95-180) NA
RV, % of predicted (range) 285 = 79 (146-395) 186 + 86 (111-320) NA
DLCO, % of predicted (range) 28 + 10 (15-45) 71+ 12 (53-82) NA

Values are mean =+ std. dev.

Page 18

FEV1-forced vital capacity in 1 second; F\VVC-forced vital capacity; TLC-total lung capacity; RV-residual volume; DLCO-diffusing capacity for carbon

monoxide

*
The 21-year-old subject smoked an unknown amount for two years, and the 22-year old subject had a one pack year smoking history.
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