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Abstract 47 

Introduction: The percentage of low attenuation area (%LAA) on computed tomography (CT) 48 

is useful for evaluating lung emphysema, and higher %LAA was observed in patients with 49 

chronic lung allograft dysfunction (CLAD). This study investigated the relationship between 50 

the %LAA and the development of CLAD after bilateral lung transplantation (LT). 51 

Methods: We conducted a single-center retrospective study of 75 recipients who underwent 52 

bilateral LT; the recipients were divided into a CLAD group (n = 30) and a non-CLAD group 53 

(n = 45). The %LAA was calculated using CT and compared between the two groups from 4 54 

years before to 4 years after the diagnosis of CLAD. The relationships between the %LAA and 55 

the percent baseline values of the pulmonary function test parameters were also calculated. 56 

Results: The %LAA was significantly higher in the CLAD group than in the non-CLAD group 57 

from 2 years before to 2 years after the diagnosis of CLAD (P < 0.05). In particular, patients 58 

with bronchiolitis obliterans syndrome (BOS) exhibited significant differences even from 4 59 

years before to 4 years after diagnosis (P < 0.05). Significant negative correlations between 60 

the %LAA and the percent baseline values of the forced expiratory volume in 1 s (r = -0.36, P 61 

= 0.0031), the forced vital capacity (r = -0.27, P = 0.027), and the total lung capacity (r = -0.40, 62 

P < 0.001) were seen at the time of CLAD diagnosis.  63 

Conclusion: The %LAA on CT was associated with the development of CLAD and appears to 64 

have the potential to predict CLAD, especially BOS, after bilateral LT. 65 

 66 

Key words: bronchiolitis obliterans syndrome, chronic lung allograft dysfunction, computed 67 

tomography, lung transplantation, restrictive allograft syndrome 68 
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Introduction 70 

Recipients of lung transplantation (LT) continue to have a worse long-term survival than 71 

heart, liver, or kidney recipients. 1-3 Long-term survival after LT is mainly hampered by 72 

chronic lung allograft dysfunction (CLAD) after both cadaveric LT (CLT) and living-donor 73 

lobar LT (LDLLT). 4 CLAD develops in approximately 50% of recipients at 5 years after LT, 74 

according to the registry of the International Society for Heart and Lung Transplantation 75 

(ISHLT). 5 CLAD is diagnosed based on the results of pulmonary function tests after LT. 6,7 76 

CLAD is defined as a persistent decline (≥20%) in the forced expiratory volume in 1 s 77 

(FEV1) from the baseline value, which is calculated as the average of the best 2 postoperative 78 

FEV1 values obtained at least 3 weeks apart. 7 CLAD can present either as a predominantly 79 

obstructive ventilatory pattern, a restrictive pattern, or a mixed obstructive and restrictive 80 

pattern that is not explained by other conditions or as a combination of these. 7 Recently, 81 

advanced diagnostic imaging methods including lung perfusion scintigraphy, inspiratory and 82 

expiratory computed tomography (CT) volumetry, the CT-scan score, quantitative CT 83 

analysis, and machine learning CT analysis have opened more doors to diagnosing CLAD. 8-12 84 

In the CT analysis of lung disease, the percentage of low attenuation area (%LAA) is a 85 

useful parameter for evaluating the severity of lung emphysematous changes on CT in patients 86 

with chronic obstructive pulmonary disease (COPD). 13 The %LAA is automatically calculated 87 

using diagnostic imaging software, enabling an objective evaluation of the severity of COPD. 88 

Moreover, the %LAA is correlated with the prognosis of patients with COPD. 14 Since both 89 

COPD and CLAD patients exhibit a decline in the FEV1 with disease progression, we 90 

previously showed that patients with CLAD had a significantly higher %LAA than those 91 

without CLAD at a single time point after bilateral LT. 15 However, the relationship between 92 

the postoperative change in %LAA and the development of CLAD after bilateral LT remains 93 
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unknown. In the present study, we evaluated the usefulness of the %LAA on CT images for the 94 

diagnosis of CLAD after bilateral LT, including CLT and LDLLT. 95 

 96 

Methods 97 

Patients 98 

We conducted a single-center retrospective study of 112 recipients who underwent bilateral LT 99 

at Okayama University Hospital between May 2000 and August 2015 (Figure 1). Thirty-six 100 

patients were excluded from this study because adequate CT data for the %LAA evaluation 101 

were unavailable. One infant patient was also excluded because the patient was expected to 102 

have a larger %LAA because of their smaller whole lung volume. Of the remaining 75 patients 103 

who underwent bilateral LDLLT (n = 37) or CLT (n = 38), 30 patients who developed CLAD 104 

were designated as the CLAD group; the remaining 45 patients who did not develop CLAD 105 

were designated as the non-CLAD group. In the CLAD group, a subgroup analysis was 106 

performed to compare the %LAA between the patients with bronchiolitis obliterans syndrome 107 

(BOS) (n = 20) and those with restrictive allograft syndrome (RAS) (n = 10). The study protocol 108 

(No. 2205-005) was approved, and individual written informed consent was waived by the 109 

institutional review board of Okayama University Hospital. All the methods were implemented 110 

in accordance with the relevant guidelines and regulations.  111 

Preoperative and operative patient characteristics and postoperative outcomes were 112 

evaluated. To estimate the preoperative severity of the recipient's disease, each patient's lung 113 

allocation score (LAS) was obtained using the LAS calculator, available on the OPTN website 114 

(https://optn.transplant.hrsa.gov/data/allocation-calculators/lung-cas-calculator/). A maximum 115 

number of 12 HLA mismatches is allowed in LDLLT, since two different donors for one 116 

recipient are required. 117 

https://optn.transplant.hrsa.gov/data/allocation-calculators/lung-cas-calculator/
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 118 

Lung transplant procedure 119 

Patients who require a CLT are registered with the Japan Organ Transplantation Network. The 120 

allocation of lungs from brain-dead donors is still based mainly on the waiting time, and the 121 

LAS system has not yet been introduced in Japan. LDLLT is considered for critically ill patients 122 

who cannot wait for CLT, and only patients who meet all CLT criteria are able to receive LDLLT. 123 

At our hospital, up to third-degree blood relatives or spouses are accepted as living donors. The 124 

size matching protocol and transplant procedures have been described in previous reports. 16 125 

The graft ischemia time was defined as the ischemic time until the second lung was transplanted. 126 

 127 

Postoperative care 128 

The postoperative management of the recipient, including immunosuppressive and prophylactic 129 

therapies, has been described previously. 17,18 The grades of primary graft dysfunction (PGD) 130 

were assigned in accordance with the definition of PGD using the ISHLT criteria. 19 Pulmonary 131 

function tests, including the FEV1, the forced vital capacity (FVC), and the total lung capacity 132 

(TLC), were performed at 3, 6, and 12 months after LT and annually thereafter. 6,7 According 133 

to the classification system of CLAD proposed by ISHLT, CLAD was defined as a decline in 134 

the FEV1 ≥20% of the baseline value after excluding processes and diseases that may lead to 135 

chronic loss of function of the graft and are not included in the current definition of CLAD. 7 136 

The baseline FEV1 values were calculated as the average of the two best FEV1 values obtained 137 

at least 3 weeks apart. The baseline values of other pulmonary function test parameters were 138 

obtained as the average of the values measured at the time of the best FEV1 measurements. For 139 

the classification of the CLAD phenotype, BOS was defined as a substantial and persistent 140 

decline in the FEV1 ≥20% of the baseline value without persistent radiologic pulmonary 141 
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opacities. 7 RAS was defined as a persistent ≥20% decline in FEV1 (± FVC) of the baseline 142 

value, a decrease in TLC to ≤90% compared with baseline, and the presence of persistent 143 

opacities on chest X-ray and/or CT. 7 At the same time as the pulmonary function testing, lung 144 

ventilation scintigraphy to check the washout imaging and lung perfusion scintigraphy to 145 

observe a blood flow shift to the contralateral unaffected lung were performed to detect CLAD 146 

after LT. 12,20 A blood examination, chest X-ray, chest CT scan, and electrocardiogram were 147 

simultaneously performed for the differential diagnosis of CLAD. 148 

 149 

Evaluation of low attenuation area (LAA) in transplanted lungs 150 

Chest CT images (5.0 mm thick) in the maximal inspiration phase were obtained and were 151 

transferred to a workstation running the Synapse Vincent imaging software program (Fujifilm 152 

Medical, Tokyo, Japan) to evaluate the severity of the emphysematous changes in transplanted 153 

lungs. Lung field areas with attenuation values less than a threshold of -950 Hounsfield units 154 

were defined as the low attenuation area (LAA). 21 The percentage of the LAA in the whole 155 

lung relative to the total lung volume was automatically calculated as the %LAA (Figure 2). 156 

The %LAA was compared between the CLAD group and the non-CLAD group from 4 years 157 

before to 4 years after the diagnosis of CLAD. Since the median time until the onset of CLAD 158 

after LT was 1856 (152-5833) days, or nearly 5 years after LT, in the CLAD group, the %LAA 159 

at 5 years after bilateral LT was designated as the control value in the non-CLAD group. The 160 

relationships between the %LAA and the percent baseline values of the pulmonary function test 161 

parameters, including the FEV1, the FVC, and the TLC, were calculated. 162 

 163 

Statistical analysis 164 

The statistical analyses were performed using GraphPad Prism 9 Software (GraphPad Software, 165 
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Inc., San Diego, CA) and R (R Foundation for Statistical Computing, Vienna, Austria). All 166 

values except for the %LAA were expressed as the mean ± standard deviation. The value 167 

of %LAA for evaluating postoperative changes was expressed as the mean ± standard error of 168 

the mean. Bivariate comparisons of continuous variables were performed using the Student t-169 

test. Associations between categorical variables were examined using the Fisher exact test. 170 

Associations between the %LAA and the percent baseline values of the FEV1, the FVC, and 171 

the TLC at the diagnosis of CLAD were tested using the Pearson product-moment correlation 172 

coefficient. Differences were considered significant at P < 0.05. 173 

 174 

Results 175 

A schematic diagram of the study cohort is shown in Figure 1. The patient characteristics are 176 

summarized in Table 1. Among the known risk factors for CLAD, 22 significant differences in 177 

the number of human leukocyte antigen mismatches and the incidence of acute rejection were 178 

seen between the two groups; however, the number of cytomegalovirus mismatches, the 179 

incidence of primary graft dysfunction, and the incidence of gastroesophageal reflux disease 180 

did not differ significantly. The observation period after LT did not differ between the two 181 

groups, and the median time until the onset of CLAD after LT was 1856 (152-5833) days in 182 

this study. 183 

As shown in Figure 3A, the %LAA was significantly higher in the CLAD group than in 184 

the non-CLAD group from 2 years before to 2 years after the diagnosis of CLAD. The 185 

differences in the %LAA between the two groups tended to increase over time after the 186 

diagnosis of CLAD. Notably, in the subgroup analysis, the %LAA was significantly higher in 187 

the BOS patients than in the non-CLAD patients even from 4 years before to 4 years after the 188 

diagnosis of CLAD (Figure 3B). In contrast, the %LAA was significantly higher in the RAS 189 
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patients than in the non-CLAD patients from the time of CLAD diagnosis until 4 years after 190 

diagnosis (Figure 3C, D). In addition, the values of %LAA tended to be higher in the recipients 191 

of LDLLT, compared with those of CLT, although no significant differences were seen. The 192 

postoperative changes in the %LAA were analyzed in the right and left lungs separately as 193 

shown in Supplementary Materials, and the results of the %LAA in the right lung were similar 194 

to those in the whole lung. 195 

Furthermore, the %LAA was significantly and negatively correlated with the percent 196 

baseline values of the FEV1, the FVC and the TLC (FEV1, r = -0.36, P = 0.0031; FVC, r = -197 

0.27, P = 0.027; TLC, r = -0.40, P < 0.001) (Figure 4A). Except for the TLC at 1 year after the 198 

diagnosis of CLAD, significant negative correlations were seen between the %LAA and the 199 

FEV1, the FVC and the TLC from the time of CLAD diagnosis until 4 years after diagnosis 200 

(Figure 4B). In contrast, prior to the onset of CLAD, a significant negative correlation was only 201 

seen between the %LAA and the TLC at 1 year before the diagnosis of CLAD.  202 

 203 

Discussion 204 

In this study, we found that the %LAA was significantly higher in the patients with CLAD than 205 

in those without CLAD from 2 years before to 2 years after the diagnosis of CLAD following 206 

bilateral LT. Especially, BOS patients had significant differences in %LAA even from 4 years 207 

before to 4 years after the diagnosis of CLAD, whereas RAS patients had significant differences 208 

from the time of diagnosis to 4 years after the diagnosis of CLAD. Furthermore, the %LAA 209 

was significantly and negatively correlated with the percent baseline values of FEV1, TLC and 210 

FVC from the time of CLAD diagnosis until 4 years after diagnosis, except for the TLC at 1 211 

year after the diagnosis of CLAD. Our results suggested that the %LAA on CT could predict 212 

the development of CLAD, especially BOS, after bilateral LT. To the best of our knowledge, 213 
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this is the first report to evaluate the %LAA on CT as a potential approach for diagnosing CLAD 214 

after bilateral LT. 215 

Consistent with previously described results, 15,23 the %LAA increased in patients with 216 

CLAD after bilateral LT in the present study. Among the patients with CLAD, the %LAA 217 

significantly increased at least 2 years before the diagnosis of CLAD, and the differences in 218 

the %LAA between the patients with CLAD and those without CLAD tended to increase over 219 

time. Different from emphysematous changes in patients with COPD, the increase of %LAA 220 

may indicate the collapse of small airways with air trapping due to the inflammation or fibrosis 221 

of small airways in patients with CLAD. Compared with the previously reported CT-based 222 

diagnostic approaches for CLAD, the %LAA was not included in the CT-scan score, which was 223 

evaluated by blinded radiologists for the evidence of consolidation, bronchiectasis, reticular 224 

change, pleural effusion, and ground-glass opacities. 9 Although a machine-learning CT 225 

analysis included hyperlucent lung, which corresponds to the %LAA in the present study, as 226 

well as ground-glass opacity, reticulation, and pulmonary vessel volume, 24 the %LAA can be 227 

obtained objectively and easily using diagnostic imaging software without requiring machine 228 

learning. Unlike a quantitative lung density analysis, 11,25 the %LAA was calculated based on 229 

lung field areas with attenuation values less than the designated threshold only, and not a lung 230 

histogram analysis. The measurement of the %LAA alone on CT may offer a novel and simple 231 

approach for the early diagnosis of CLAD after bilateral LT. Given significant correlation 232 

between the %LAA and the percent baseline values of FEV1, TLC and FVC from the time of 233 

CLAD diagnosis until 4 years after diagnosis, measuring the %LAA might contribute to the 234 

prediction of decline in these parameters of pulmonary function test. 235 

Although the %LAA did not differ between the patients with BOS and RAS over the 236 

postoperative course, the patients with BOS demonstrated significant differences in the %LAA 237 
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4 years earlier than those with RAS in the present study. Similar to the patients with lung 238 

emphysema, the early detection of BOS in our results might reflect the underlying pathology—239 

bronchiolitis obliterans—appearing as an excess of subepithelial fibrous tissue during the early 240 

phase and with the obliteration of the lumen by fibrosis during the late phase. 7 In fact, the CT 241 

findings of BOS include air trapping in the early phase and bronchial dilatation and bronchial 242 

wall thickening in the late phase. In contrast, the pathology of RAS involves fibrotic changes 243 

in the interstitial tissue with or without pleural involvement, in addition to bronchiolitis 244 

obliterans. In the present study, the patients with RAS exhibited a surge in their %LAA after 245 

diagnosis. Thus, the measurement of %LAA might be useful for the early detection of BOS, 246 

rather than RAS, although a quantitative lung density analysis has been shown to be capable of 247 

differentiating RAS from BOS in a previous report. 25  248 

No significant differences in %LAA were seen between the recipients of LDLLT and 249 

CLT, although the LDLLT recipients tended to have relatively high levels of %LAA, compared 250 

with CLT recipients. Since LDLLT is still a realistic option for emergency or pediatric LT in 251 

Japan due to severe donor shortage, the rate of LDLLT was high in the present study as 252 

compared to the other countries. CLAD develops predominantly in the unilateral lung after 253 

bilateral LDLLT because of differences in the immunological features of the two donors. 4,27,28 254 

Because the %LAA was measured as a percentage of the total volume of the bilateral lungs in 255 

the present study, a contralateral unaffected lung with CLAD after LDLLT might lead to an 256 

underestimation of the %LAA, resulting in a %LAA similar to that of CLT recipients with 257 

bilateral lungs affected by CLAD. The analysis of the %LAA in each unilateral lung showed 258 

that the results of the right lung were similar to those of the whole lung, suggesting the 259 

feasibility of the %LAA assessment in each unilateral lung after bilateral LT. Further study is 260 

required to elucidate whether the assessment of %LAA in each unilateral lung might be valuable 261 
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for the diagnosis of CLAD after bilateral LDLLT as well as CLAD after single LT in the future. 262 

The present study had several limitations. First, the study was a retrospective cohort study 263 

conducted at a single transplant center, and the number of LT recipients were too small. A 264 

prospective multi-center trial could provide enough number of patients with CLAD for an 265 

accurate evaluation, especially according to differences in CLAD phenotypes. Second, it was 266 

difficult to obtain annual follow-up CT data from some patients with fatal CLAD, especially 267 

patients with RAS after CLT. Effective collaboration with nontransplant physicians at local 268 

hospitals might be required to maximize the amount of CT data in a further study. Third, the 269 

study included recipients who underwent either CLT or LDLLT, and a larger study would allow 270 

us to focus on the %LAA of each procedure. Fourth, negative correlation between the %LAA 271 

and the percent baseline values of FEV1, FVC and TLC at the time of CLAD diagnosis might 272 

be affected by a few measured values. Despite these limitations, the simplicity of the 273 

measurement of %LAA on CT means that our study provides practical information for the 274 

diagnosis of CLAD after bilateral LT.  275 

In conclusion, the %LAA on CT was associated with the development of CLAD, 276 

especially BOS, and increased after the diagnosis of CLAD after bilateral LT. Moreover, 277 

the %LAA was associated with declines in the FEV1, FVC and TLC at the time of CLAD 278 

diagnosis after bilateral LT. The %LAA appears to offer the potential to predict CLAD, 279 

especially BOS, after bilateral LT, including CLT and LDLLT. 280 
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Table 1. Patient characteristics
Non-CLAD

(N = 45)
CLAD

(N = 30) P  value

Preoperative variables
  Age, years 35.1 ± 13.7 34.6 ± 14.3 0.90
  Sex, female 32 (71%) 16 (53%) 0.14
  Body mass index 18.1 ± 0.62 18.4 ± 0.75 0.75
  Lung donor 0.35
    Living 20 (44%) 17 (57%)
    Cadaveric 25 (56%) 13 (43%)
  Diagnosis 0.065
    Interstitial lung disease 13 (29%) 10 (33%)
    Pulmonary hypertension 8 (18%) 8 (27%)
    Pulmonary GVHD 9 (20%) 2 (7%)
    Lymphangioleiomyomatosis 7 (16%) 0 (0%)
    Bronchiectasis 2 (4%) 4 (13%)
    Other diseases 6 (13%) 6 (20%)
  Lung allocation score 45.1 ± 1.5 45.9 ± 2.7 0.76
  CMV mismatch (recipient negative/
  donor positive)

5 (22%) 2 (15%) 0.98

  Total number of HLA-A, HLA-B, and
  HLA-DR mismatches 4.8 ± 0.19 5.8 ± 0.34 0.0091

Intraoperative variables
    Operative time (min) 532 ± 16.6 526 ± 16.0 0.80
    Ischemic time (min) 373 ± 29.9 343 ± 40.4 0.55
    Cardiopulmonary bypass use 45 (100%) 29 (97%) 0.40
Postoperative variables
    Maximum grade of PGD (0-72h) 1.1 ± 0.16 1.2 ± 0.21 0.70
    Acute rejection, yes 17 (38%) 19 (63%) 0.036
    Antibody-mediated rejection 4 (9%) 4 (13%) 0.71
    Postoperative GERD 1 (2%) 1 (3%) 1.0
    Time since transplant to follow-up
    (day), median (range) 3166 (1959-6408) 3144 (380-7540) 0.60

Data are presented as n, mean ± standard deviation or n (%). 
CMV cytomegalovirus, GERD gastroesophageal reflux disease, GVHD graft-versus-host
disease, HLA human leukocyte antigen, PGD primary graft dysfunction.
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Figure legends 386 

Figure 1. Flow chart showing the study cohort. Among the 112 recipients of bilateral lung 387 

transplantation, 37 patients were excluded: computed tomography data required for the 388 

calculation of the percentage of the low attenuation area were unavailable for 36 patients, and 389 

one patient was an infant. Of the remaining 75 patients, 30 patients who developed chronic lung 390 

allograft dysfunction (CLAD) were designated as the CLAD group, and 45 patients who did 391 

not develop CLAD were designated as the non-CLAD group. The CLAD group was divided 392 

into patients with bronchiolitis obliterans syndrome (BOS) (n = 20) and those with restrictive 393 

allograft syndrome (RAS) (N = 10) according to the CLAD phenotype. 394 

 395 

 396 

  397 
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Figure 2. Representative course of the percentage of the low attenuation area (%LAA) in a 398 

patient with chronic lung allograft dysfunction (CLAD) after bilateral lung transplantation (LT). 399 

The low attenuation area (LAA) was automatically indicated by the red area on the computed 400 

tomography (CT) image, as shown in the upper part of the figure, and the %LAA was 401 

automatically calculated, as shown in the lower part of the figure. In this patient, the %LAA 402 

remained at a plateau for 6 years and then increased beginning at 7 years after LT and thereafter. 403 

The patient was diagnosed as having CLAD based on a pulmonary function test performed 8 404 

years after bilateral LT.  405 
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Figure 3. Postoperative changes in the percentage of the low attenuation area (%LAA) after 406 

bilateral lung transplantation (LT). (A) The %LAA was significantly higher in the chronic lung 407 

allograft dysfunction (CLAD) group than in the non-CLAD group from 2 years before to 2 408 

years after the diagnosis of CLAD. (B) The %LAA was significantly higher in the patients with 409 

bronchiolitis obliterans syndrome (BOS) than in the non-CLAD group from 4 years before to 410 

4 years after the diagnosis of CLAD. (C) The %LAA was significantly higher in the patients 411 

with restrictive allograft syndrome (RAS) than in the non-CLAD group from the time of CLAD 412 

diagnosis until 4 years after diagnosis. (D) The P value is for comparisons between groups at 413 

each year before and after the onset of CLAD. 414 

 415 

  416 
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Figure 4. (A) Correlation between the %LAA and the percent baseline values of the forced 417 

expiratory volume in 1 s (FEV1), the forced vital capacity (FVC), and the total lung capacity 418 

(TLC) at the diagnosis of CLAD. (B) The probability (P) values and correlation coefficient (r) 419 

values are shown from 4 years before to 4 years after the diagnosis of CLAD. 420 

 421 

  422 
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Supplementary Materials 423 

 424 

Supplementary Figures and Figure Legends 425 

Figure S1. Postoperative changes in the percentage of the low attenuation area (%LAA) in the 426 

right lung after bilateral lung transplantation (LT). (A) The %LAA was significantly higher in 427 

the chronic lung allograft dysfunction (CLAD) group than in the non-CLAD group from 3 years 428 

before to 4 years after the diagnosis of CLAD. (B) The %LAA was significantly higher in the 429 

patients with bronchiolitis obliterans syndrome (BOS) than in the non-CLAD group from 4 430 

years before to 4 years after the diagnosis of CLAD. (C) The %LAA was significantly higher 431 

in the patients with restrictive allograft syndrome (RAS) than in the non-CLAD group from 1 432 

to 3 years after the diagnosis of CLAD. (D) The P value is for comparisons between groups at 433 

each year before and after the onset of CLAD. 434 

 435 

 436 
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Figure S2. Postoperative changes in the percentage of the low attenuation area (%LAA) in the 437 

left lung after bilateral lung transplantation (LT). (A) The %LAA was significantly higher in 438 

the chronic lung allograft dysfunction (CLAD) group than in the non-CLAD group from 2 to 3 439 

years after the diagnosis of CLAD. (B) The %LAA was significantly higher in the patients with 440 

bronchiolitis obliterans syndrome (BOS) than in the non-CLAD group from 4 to 2 years before 441 

and 2 years after the diagnosis of CLAD. (C) The %LAA was significantly higher in the patients 442 

with restrictive allograft syndrome (RAS) than in the non-CLAD group from the time of CLAD 443 

diagnosis until 4 years after diagnosis. (D) The P value is for comparisons between groups at 444 

each year before and after the onset of CLAD. 445 

 446 

 447 

 448 

 449 

 450 


