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Abstract

Background—The purpose of this study was to identify morphomic factors on standard, pre-

transplant CT scans associated with outcomes after lung transplantation.

Methods—A retrospective review of 200 patients undergoing lung transplantation at a single 

institution from 2003–2014 was performed. CT scans obtained within 1 year prior to transplant 

underwent morphomic analysis. Morphomic characteristics included lung, dorsal muscle group, 

bone, and subcutaneous and visceral fat area and density. Patient data were gathered from 

institutional and United Network for Organ Sharing databases. Outcomes including initial 

ventilator support greater than 48 hours, length of stay, and survival were evaluated using 

univariate and multivariable analyses.

Results—On multivariable Cox regression, subcutaneous fat/total body area (HR 0.60, p=0.001), 

lung density 3 volume (HR 0.67, p=0.013), and creatinine (HR 4.37, p=0.010) were independent 

predictors of survival. Initial ventilator support greater than 48 hours was associated with 

decreased vertebral body to linea alba distance (OR 0.49, p=0.002) and Zubrod Score 4 (OR 14.0, 

p<0.001). Increased bone mineral density (p<0.001) and increased cross sectional body area 

(p<0.001) were associated with decreased length of stay while supplemental oxygen (p<0.001), 

bilateral transplant (p=0.002), cardiopulmonary bypass (p<0.001), and Zubrod Score 3 (p<0.001) 

or 4 (p=0.040) were associated with increased length of stay.

Conclusions—Morphomic factors associated with lower metabolic reserve and frailty including 

decreased subcutaneous fat, bone density, and body dimensions were independent predictors of 

survival, prolonged ventilation, and increased length of stay. Analytic morphomics using pre-

transplant CT scans may improve recipient selection and risk stratification.
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Lung transplantation aims to improve quality of life and survival for patients with end-stage 

lung disease. The lung allocation score (LAS) was designed to improve organ allocation and 

has led to improved outcomes, yet nearly 20% of patients die while awaiting transplant, and 

a similar percentage die within one year of transplantation (1, 2). Therefore, optimization of 

patient selection remains of critical importance.

Analytic morphomics is a novel approach using semi-automated image processing to 

quantitate various aspects of body composition from standard preoperative computed 

tomography (CT) imaging and correlates those measures to clinical outcomes. Our group 

has demonstrated the utility of analytic morphomics in predicting outcomes after general 

surgery, liver transplant, and surgical oncology operations (3–5). Core muscle size has also 

been shown to be a predictor of postoperative outcomes after lung transplant (6). Despite 

improvements in patient selection for lung transplant, morbidity and mortality remain high. 

We hypothesized that using analytic morphomic techniques pioneered by our group to 

analyze CTs obtained routinely during lung transplant evaluation will identify differences in 

body composition associated with survival and outcomes after lung transplantation.

PATIENTS AND METHODS

Approval from the Institutional Review Board was obtained. Consecutive patients 

undergoing lung transplantation from 2003–2014 with a pretransplant chest CT within 1 

year were included. Recipient characteristics including age, LAS score, gender, transplant 

laterality, creatinine, bilirubin, underlying lung disease, pulmonary arterial pressures, 

diabetes, coronary disease, peripheral vascular disease, cerebrovascular disease, 

hospitalization status, ischemia times and mechanical ventilation were obtained from our 

institutional United Network for Organ Sharing (UNOS) data, the University of Michigan 

Organ Transplant Information System database, and review of the chart.

Lung transplants were performed off bypass when possible, generally through a clamshell 

incision. Donor lungs were flushed antegrade and retrograde with perfadex, nitroglycerin, 
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and prostaglandin E1 at procurement and retrograde prior to implantation. After extubation, 

patients were started on clears with a regular diet 1–2 days later. Patients requiring 

ventilatory support received tube feedings. Steroids were weaned from prednisone 1 mg/kg 

twice daily to 20 mg/day at discharge and gradually to 5 mg/day at 12 months by protocol. 

Surveillance bronchoscopy was performed at regular intervals from 3 weeks to 12 months 

post-transplant. Grade A1B0 rejection was only treated if symptomatic or spirometry 

decreased. Grade A2 or higher was treated with steroids, and rabbit anti-thymocyte globulin 

was given for steroid resistant rejection.

Analytic Morphomics

The preoperative chest CT closest to the date of transplant was analyzed. Scans that did not 

include the entire thorax or with inadequate resolution were excluded. Morphomic variables 

were acquired using automated algorithms in MATLAB version 13.0 (MathWorks, Natick, 

MA) (4, 7, 8). Morphomic variables included dorsal muscle group area and density, 

subcutaneous and visceral fat area, bone density, and body dimensions like cross sectional 

area. The lung volume was divided into five levels of increasing density: lung density 1 

(LD1) < −874 HU (emphysema), LD2 −874 to −725 HU (normal lung), LD3 −724 to −424 

HU, LD4 −423 to −174 HU (fibrotic lung), and LD5 > −174 HU (Figure 1). Single slice 

measurements were obtained at T9. Definitions of all morphomic measures can be found at 

http://www.med.umich.edu/surgery/morphomics/data_dictionary. While automated 

algorithms provided standardization between scans, decreasing observer bias, the results 

were assessed by the morphomics team to confirm accuracy and adjusted as necessary.

The primary outcome was overall survival. Secondary outcomes included length of stay and 

postoperative rehabilitation as well as complications after lung transplant such as initial 

ventilator support greater than 48 hours, air leak greater than 5 days, grade 3 primary graft 

dysfunction (PGD) at 72 hours, and acute rejection.

Statistical Analysis

Univariate analysis was used to determine the correlation between clinical and morphomic 

variables and postoperative outcomes. Two-sample t-test was used to compare continuous 

variables. Categorical variables were compared using Fisher’s exact test. Univariate Cox 

regression was used to determine the relationship with post-transplant survival.

A multivariable Cox regression model was developed to investigate survival including all 

candidate variables. Candidate variables were selected based on clinical factors reported to 

be associated with post-transplant outcomes. To identify the most relevant morphomic 

factors, variables were chosen when they were significantly associated with a particular 

outcome at multiple vertebral levels or several similar morphomic measures, such as body 

circumference, depth, and width significantly correlated with an outcome. Logistic 

regression was used for binary outcomes. A Poisson regression model with dependent 

variable length of stay was fitted. Forward backward selection was used to find a model 

which optimized the Akiake information criterion (AIC). All morphomic variables were 

normalized to a mean of 0 and standard deviation of 1 before analysis.
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Models were assessed using area under the receiver operating characteristic. Models were 

developed for each outcome to determine whether a full model containing morphomic and 

clinical variables could outperform a model using clinical variables alone. Data were 

analyzed using R statistical software (R Foundation for Statistical Computing, www.r-

project.org/foundation/).

RESULTS

Of 209 patients, 200 had appropriate pre-transplant thoracic CTs (Table 1). The mean time 

from CT to transplant date was 156 days.

Overall Survival

The 1 and 3-year survival rates were 89.2% and 62.5%. On univariate analysis, age (HR 

1.00, p=0.67), FEV1 (HR 0.99, p=0.07), LAS post-transplant survival component at listing 

(HR 0.98, p=0.14), disease category (HR 0.94, p=0.43), inpatient status (HR1.11, p=0.76), 

ventilation pre-transplant (HR 1.15, p=0.15), ECMO pre-transplant (HR 1.80, p=0.26), 

albumin (HR 0.80, p=0.27), bilirubin (HR 0.90, p=0.41), donor CMV positive recipient 

negative (HR 1.13, p=0.60), BMI (HR 0.97, p=0.15), bilateral lung transplant (0.026), total 

ischemic time (HR 1.00, p=0.51), donor age (HR 1.00, p=0.71), and donor BMI (HR 1.01, 

p=0.83) were not associated with survival. Predictors of survival included serum creatinine 

(HR 2.99, p=0.04), FVC (HR 0.98, p=0.0003), post-transplant dialysis (HR 4.10, p<0.001), 

LD3 volume (HR 0.73 per SD, p=0.007), LD4 volume (HR 0.74 per SD, p=0.03), 

subcutaneous fat area (HR 0.76 per SD, p=0.03), subcutaneous fat/total body cross sectional 

area (HR 0.75 per SD, p=0.02), and visceral fat area/subcutaneous fat area (HR 1.25 per SD, 

p=0.015). The results of the multivariable model are shown in Table 2. Subgroup analysis of 

patients undergoing bilateral transplants resulted in a multivariate model with the same 

significant variables. The C index for the overall model (0.670) was better than the bilateral 

only model (0.666).

Initial Ventilator Support Greater than 48 hours

Initial ventilator support greater than 48 hours was required in 23% (46/200) of patients and 

was associated with inpatient status (OR 5.18, p<0.001), female gender (OR 2.23, p=0.025), 

Zubrod Score (OR 2.19, p=0.003), LAS score at transplant (OR 1.04, p<0.001), and 

increased supplemental oxygen (OR 1.09, p=0.004) but not albumin (OR 1.34, p=0.37). The 

associated morphomic factors were decreased distance from the vertebra to the linea alba 

(OR 0.54 per SD, p=0.001), decreased distance from the vertebra to the anterior skin (OR 

0.58 per SD, p=0.002), decreased cross sectional area within the fascial compartment (OR 

0.60 per SD, p=0.003), decreased fascial circumference (OR 0.63 per SD, p=0.009), and 

decreased mediastinal fat area at the carina (OR 0.64 per SD, p=0.02). The results of the 

multivariable model are shown in Table 3. The AUC for the full model was 0.786 compared 

to 0.746 using the clinical variables alone (Figure 2).

Air Leak Greater than 5 Days

Air leak greater than 5 days was present in 6.5% (13/200) of patients. On univariate analysis, 

age (OR 0.99, p=0.48), gender (OR 0.45, p=0.31), LAS waitlist urgency component at 
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transplant (OR 1.02, p=0.22), and FEV1 (OR 0.97, p=0.12) were not associated with 

prolonged air leak. Increased LAS post-transplant survival component at transplant (OR 

1.08, p=0.05) and decreased BMI (OR 0.87, p=0.016), visceral fat area (OR 0.29, p=0.01), 

subcutaneous fat area (OR 0.33p=0.003), visceral fat/total body area (OR 0.34, p=0.008), 

and total body cross sectional area (OR 0.56, p=0.05) were associated with prolonged air 

leak. The results of the multivariable model are shown in Table 4. The AUC for the full 

model was 0.893 compared to 0.857 using the clinical variables alone (Figure 3).

Primary Graft Dysfunction and Acute Rejection

Grade 3 primary graft dysfunction (PGD) at 72 hours was present in 22/200 (11%) patients. 

On univariate analysis, the distance from the vertebra to the linea alba (p=0.018), total 

ischemic time (p=0.015), and mechanical ventilation prior to transplant (p=0.014) were 

significantly associated with primary graft dysfunction. Lung density 1 percentage (p=0.19), 

visceral fat area (p=0.40), subcutaneous fat area/total body fat area (p=0.10), lung density 4 

percentage (0.38), and albumin (0.83) were not associated with PGD. Acute rejection 

occurred in 117/200 (58.5%) of patients. On univariate analysis, acute rejection was related 

to albumin (p=0.027) and distance from the vertebra to the skin (p=0.035). Factors that were 

not significantly related to acute rejection included bilirubin (p=0.15), bilateral transplant 

(p=0.19), donor age (p=0.24), total ischemic time (p=0.25), and induction therapy (0.38).

Length of Stay

The median length of stay was 17.0 days. On univariate analysis, variables associated with 

increased length of stay were decreased age (p=0.0009), bilateral transplant (p=0.0001), 

increased Zubrod Score (p<0.0001), LAS at transplant (p=0.0006), supplemental oxygen 

(p=0.0024), and cardiopulmonary bypass (p=0.0029) while albumin (p=0.088) was not. The 

morphomic factors associated with length of stay were bone mineral density (p=0.0005) and 

decreased cross sectional body area (p=0.004), body circumference (p=0.0024), fascial 

circumference (p=0.0122), and mediastinal fat volume (p=0.002). The results of the 

multivariable model are shown in Table 5. The Kendall correlation for the selected model 

was 0.400 (p<0.0001).

COMMENT

The goal of this study was to find morphomic predictors of outcomes after lung transplant 

utilizing standard preoperative CTs. We hypothesized that morphomic variables such as fat 

area, muscle mass, and bone density may serve as imaging surrogates for clinical risk factors 

such as frailty. Morphomic variables could also represent other clinical risk factors such as 

cardiovascular risk (mediastinal calcifications) and physiologic age (bone density, aortic 

calcifications, and muscle mass), and a combination of morphomic factors could potentially 

provide a better global assessment of health and functional status.

We have identified several morphomic factors associated with survival following lung 

transplantation. Weig and colleagues found that psoas area was significantly associated with 

decreased length of ICU stay after lung transplantation (6). Our group has also reported an 

association between lean psoas area and postoperative morbidity and mortality following 
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esophagectomy and liver transplant (9, 10). Marquis et al. found that mid-thigh muscle cross 

sectional area was a better predictor of mortality than BMI in patients with COPD (11). 

However, most thoracic CTs used for transplant evaluation do not include the psoas or thigh 

muscles, and there was no significant association between the dorsal (paraspinous) muscle 

group area and these outcomes in the current study. This is similar to a prior study which 

found no association between sarcopenia of thoracic muscles and survival after lung 

transplant (12).

However, our analysis shows that increased subcutaneous fat area was associated with 

improved survival after lung transplantation. Furthermore, increases in body dimensional 

factors including the distance from the vertebra to the linea alba and cross sectional body 

area were associated with decreased incidence of prolonged ventilator support and length of 

stay, respectively. Increased bone density was associated with decreased length of stay. 

Improved survival and outcomes in patients with increased subcutaneous fat, body 

dimensional factors, and bone density may indicate the importance of metabolic reserve in 

recovery after lung transplant. Prior studies have reported decreased body mass, serum 

adipokines, and bone density in patients with severe COPD (13, 14).

Both underweight and obese patients have increased mortality after lung transplant (15–18), 

and severe obesity is a relative contraindication (19). While obesity does not correlate with 

worse outcomes after lung resection, a low BMI<18.5 was associated with increased risk of 

pulmonary complications and mortality (20). BMI is incorporated into the LAS. However, 

the use of BMI as an indicator of body composition remains controversial (21). BMI does 

not accurately discriminate between muscle and fat and can misclassify patients into 

incorrect weight categories (22). A previous study in healthy subjects identified variation of 

body fat percentage and metabolic derangements associated with adiposity in patients with a 

normal BMI (23). We also identified variability between subcutaneous fat area/total body 

cross sectional area and BMI (Figure 4).

Subcutaneous fat is an indicator of nutritional status (24, 25), and malnutrition is a risk 

factor for postoperative complications (26). Lung transplant patients with severe 

malnutrition have decreased survival (27). Although malnutrition is a relative 

contraindication to lung transplantation, a patient may not undergo formal nutritional 

assessment unless they have a BMI outside of the normal range (28). In our study, many 

patients had low subcutaneous fat area despite a normal BMI (Figure 4). While patients with 

low subcutaneous fat area had an increased risk of mortality, there was no association 

between BMI and post-transplant survival. Assessment of the subcutaneous fat area as part 

of the pre-transplant assessment may identify patients in need of nutritional support.

Increased bone mineral density was associated with decreased length of stay, and low bone 

density likely reflects frailty. While bone density could be associated with age, recipient age 

did not correlate with survival in the current study. Increased age has been associated with 

worse outcomes after lung transplant and was lowest for recipients older than 65 (29). We 

generally limit transplants to patients less than 65, and older patients are not well-

represented in this cohort with only 4 patients older than 65. Individualized assessment of 

body composition may demonstrate that patients older than the traditional age cutoff have a 
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“younger” physiologic profile and could potentially be considered transplant candidates. 

Increasing lung density 3 (LD3) volume was also associated with improved survival. The 

overall cohort includes patients from all diagnosis groups, and this likely reflects that 

patients with less severe disease (LD3) have improved survival compared to those with more 

LD1 (emphysema) or LD4 and 5 (severe fibrosis). This study has several limitations.

This is a single-institution, retrospective study over several years, and patient management 

may have changed over time. Another limitation is that the pre-transplant CT may not reflect 

changes between when the CT was obtained and the transplant. Ideally the CT would be as 

close to the transplant date as possible, but this is difficult with the unpredictable nature of 

transplantation and variability in waitlist times. The study was limited to CTs within 1 year 

of transplant (mean 156 days). The majority were within 6 months (118 (59%)) while 25.5% 

were within 50 days. The scan closest to the transplant was analyzed. Higher LAS scores 

correlated with fewer days between CT and transplant (p<0.001, R2=0.11) suggesting that 

sicker patients, more likely to have a change in status, were also more likely to have a more 

recent CT scan. Only 10 (5%) patients were outpatient for their CT but hospitalized at the 

time of transplant.

The 2015 Scientific Registry of Transplant Recipients (SRTR) Annual Report showed no 

improvement in outcomes over the past five years highlighting the need to identify 

additional predictors of survival (29). This will be particularly important as increasingly 

sicker recipients are being transplanted. Using analytic morphomics to analyze standard 

chest CTs may allow for assessment of body composition related to metabolic reserve and 

frailty such as subcutaneous fat area and bone mineral density which may be combined with 

clinical factors to better select and risk stratify patients, potentially identifying those who 

may benefit from aggressive nutrition and rehabilitation programs, although identified 

factors will need to be confirmed in larger, prospective multicenter studies.
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Figure 1. 
Morphomic analysis using standard chest CTs showing (A) anatomic indexing of the 

vertebral levels to create an anatomical coordinate system, (B) lung density (LD) 

measurements where LD3 (green) to LD5 (purple) represent areas of increasing density, and 

(C) visceral and subcutaneous fat area after delineation of skin (purple) and fascia (yellow).
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Figure 2. 
Receiver operating characteristic curves for initial ventilator support greater than 48 hours 

after transplant. The full model (blue) including morphomic factors was better than the 

clinical model (black) alone at predicting initial ventilator support greater than 48 hours 

(AUROC 0.786 vs. 0.746).
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Figure 3. 
Receiver operating characteristic curves for air leak greater than 5 days. The full model 

(blue) including morphomic factors was better than the clinical model (black) alone at 

predicting air leak greater than 5 days (AUROC 0.893 vs. 0.857).
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Figure 4. 
Scatter plot of the relationship between subcutaneous fat area/total body cross sectional area 

and BMI demonstrating several patients with low subcutaneous fat/total body cross sectional 

area despite having a BMI in the normal range. Vertical lines mark boundaries of BMI 

categories: <18.5 underweight, 18.5–24.9 normal weight, 25–29.9 overweight, and >30 

obese.
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Table 1

Patient Characteristics

Variable Value, n (%)
(n=200)

Age at transplant, mean ± SD 51.2 ± 12.58

Sex, Male 144 (72)

Disease category

  Group A (COPD) 57 (28.5)

  Group B (Pulmonary hypertension) 7 (3.5)

  Group C (Cystic fibrosis) 26 (13.0)

  Group D (Pulmonary fibrosis) 110 (55.0)

Medical condition at transplant

  ICU 21 (10.5)

  Hospitalized 5 (2.5)

  Outpatient 174 (87.0)

Zubrod score

  1 82 (42.7)

  2 73 (38.0)

  3 20 (10.4)

  4 17 (8.9)

Pre-transplant ECMO 9 (4.5)

Pre-transplant Ventilator 15 (7.5)

BMI, mean ± SD 26.1 ± 5.03

Serum creatinine, mean ± SD 0.82 ±0.22

Bilirubin, mean ± SD 0.71 ± 1.16

Donor CMV+/Recipient CMV− 60 (30)

%Predicted FVC, mean ± SD 47.7 ± 19.0

LAS at transplant, median (IQR) 40.98 (IQR 36.1 –52.2)

Donor age, mean 35.1

Transplant organ

  Single 62 (31.0)

  Bilateral 138 (69.0)

Cardiopulmonary bypass 85 (42.5)

Total ischemic time (minutes), mean 355.5

Initial ventilator support >48 hours 46 (23)

Postoperative ECMO 10 (5)

Pneumonia 31 (15.5)

Tracheostomy 32 (16.0)

Post-transplant dialysis 14 (7.0)

Feeding tube 33 (16.5)

Induction with basiliximab 56 (28)

Grade 3 primary graft dysfunction 22 (11)

Acute rejection 117 (58.5)
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Variable Value, n (%)
(n=200)

Length of stay (days), median 17.0

Acute inpatient rehabilitation 15 (7.5)

Abbreviations: BMI, body mass index; CMV, cytomegalovirus; COPD, chronic obstructive pulmonary Disease; ECMO, extracorporeal membrane 
oxygenation; IQR, interquartile range; LAS, lung allocation score; SD, standard deviation
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Table 2

Multivariable Cox Regression (Survival)

Variable Hazard Ratio (95% CI) p value

Subcutaneous fat area/Total body area* 0.60 (0.453, 0.81) 0.001

LAS post-transplant survival component at listing 0.98 (0.96, 0.99) 0.006

LD3 volume* 0.67 (0.48, 0.92) 0.013

Serum creatinine 4.37 (1.38, 13.78) 0.010

Percent predicted FVC 0.98 (0.96, 0.997) 0.021

Number of days between CT and transplant 1.002 (0.999, 1.004) 0.14

*
Per Standard Deviation (SD)
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Table 3

Multivariable Logistic Regression Initial Ventilator Support >48 Hours (AUROC 0.786)

Variable Odds Ratio (95% CI) p value

Distance from vertebral body to linea alba* 0.49 (0.43, 0.78) 0.002

Zubrod Score (2 vs. 1) 1.29 (0.50, 3.36) 0.60

Zubrod Score (3 vs.1) 2.41 (0.71, 8.18) 0.16

Zubrod Score (4 vs. 1) 14.0 (3.81, 51.48) 0.0001

Female gender 2.16 (0.90, 5.21) 0.086

*
Per Standard Deviation (SD)

Ann Thorac Surg. Author manuscript; available in PMC 2019 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pienta et al. Page 18

Table 4

Multivariable Logistic Regression Analysis Air Leak > 5 Days (AUROC 0.893)

Variable Odds Ratio (95% CI) p value

Visceral fat area* 0.17 (0.04, 0.79) 0.023

LAS waitlist urgency component at transplant 0.986 (0.977, 0.995) 0.002

LAS post-transplant survival component at transplant 1.17 (1.02, 1.33) 0.025

Recipient age at transplant 1.07 (1.03, 1.14) 0.039

Female gender 0.24 (0.04, 1.44) 0.12

*
Per Standard Deviation (SD);

Abbreviations: LAS, lung allocation score
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Table 5

Length of Stay (Kendall Correlation 0.403)

Variable Coefficient
Estimate

p value

Zubrod score (2 vs. 1) −0.26 <0.001

Zubrod score (3 vs.1) 0.33 <0.001

Zubrod score (4 vs. 1) 0.27 0.040

COPD (vs. other disease categories) 0.50 <0.001

Supplemental oxygen (L) 0.030 <0.001

Transplant organ (Right vs. Left) −0.09 0.41

Transplant organ (Bilateral vs. Left) 0.28 0.002

Cardiopulmonary bypass 0.14 <0.001

Bone mineral density* −0.07 <0.001

Cross sectional body area* −0.20 <0.001

*
Per Standard Deviation (SD)
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