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Original Article

Uncertainty analysis of chest X-ray lung height measurements and 
size matching for lung transplantation 
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Background: Errors in measuring chest X-ray (CXR) lung heights could contribute to the occurrence of 
size-mismatched lung transplant procedures. 
Methods: We first used Bland-Altman analysis for repeated measures to evaluate contributors to 
measurement error of chest X-ray lung height. We then applied error propagation theory to assess the 
impact of measurement error on size matching for lung transplantation. 
Results: A total 387 chest X-rays from twenty-five donors and twenty-five recipients were measured by 
two raters. Individual standard deviation for lung height differences were independent of age, sex, donor vs. 
recipient, diagnostic group and race/ethnicity and all were pooled for analysis. Bias between raters was 0.27 cm  
(±0.03) and 0.22 cm (±0.06) for the right and left lung respectively. Within subject variability was the biggest 
contributor to error in measurement, 2.76 cm (±0.06) and 2.78 cm (±0.2) for the right and left lung height. A 
height difference of 4.4 cm or more (95% CI: ±4.2, ±4.6 cm) between the donor and the recipient right lung 
height has to be accepted to ensure matching for at least 95% of patients with the same true lung height. 
This difference decreases to ±1.1 cm (95% CI: ±0.9, ±1.3 cm) when the average from all available chest X-rays 
is used. The probability of matching a donor and a recipient decreases with increasing true lung height 
difference. 
Conclusions: Individual chest X-ray lung heights are imprecise for the purpose of size matching in lung 
transplantation. Averaging chest X-rays lung heights reduced uncertainty.
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Introduction

Lung size is one of the main criteria used to determine a 
suitable donor-recipient match in lung transplantation (1). 
At a population level, under and over-sized lung allografts 
are associated with higher rates of surgical complications, 
primary graft dysfunction, one year mortality and shorter 
time to developing chronic lung allograft dysfunction (2-7).  
At the individual level, it is difficult to predict size 
mismatch. Despite these findings there is no consensus on 
the best method for size matching in lung transplantation. 
Transplant centers use a variety of methods to size match 
donors and recipients independently or in combination 
(Table 1). The most common tools are predictive equations 
and radiographic estimates of lung size. Practice patterns 
indicate that “real” lung size matters with systematic 
acceptance of larger donor lungs for recipients with chronic 
obstructive pulmonary disease and cystic fibrosis and smaller 
donor lungs for recipients with interstitial lung disease (8).

The use of predictive total lung capacity (TLC) 
equations has the theoretical advantage of providing 
TLC estimates unbiased by the underlying disease of the 
recipient or the use of mechanical ventilation in the donor. 
Predicted TLC equations are meant to differentiate healthy 
and diseased individuals and were not designed to be precise 
at the individual level (9). For this reason, they have wide 
confidence intervals. As an example, an average healthy 
male in the United States is 179 cm tall, and his predicted 
TLC ranges between 5.3 and 7.7 liters (10-12). This lack of 
precision is a barrier to establishing the acceptable limits of 
size discrepancy.

Chest X-ray (CXR) linear measurements are the most 
common method used to estimate the “real” TLC during 
donor-recipient matching. We refer to linear measurements 
as lung heights. Lung heights strongly correlate with TLC 
(13,14) and they are also subject to uncertainty (15). This 
uncertainty has not been previously described in clinical 
transplantation. Uncertainty can be secondary to systematic 
and random errors in measurement and can be described 
by agreement and error analysis (15,16). Furthermore, for 
size matching, measurement errors in both the donor and 
the recipient must be accounted for. Error propagation 
theory can be used to describe the final uncertainty after 
subtracting donor and recipient lung heights. 

We hypothesize that CXR lung height measurements 
are imprecise for the purpose of size matching in lung 
transplantation. We will use agreement analysis and error 
propagation theory (15) to evaluate CXR lung height 

measures and the effects of measurement error and 
propagation on potential adjudication of donor lungs. Our 
goal is to improve the precision of CXR lung height by 
first understanding the sources of measurement error and 
then mitigating them. The following article adheres to the 
STROBE and GRRAS reporting checklists (available at 
https://jtd.amegroups.com/article/view/10.21037/jtd-21-
1755/rc) (17,18).

Methods

The study was performed at Washington University 
School of Medicine - Barnes Jewish Hospital and the local 
organ procurement organization Mid-America Transplant 
(MAT), St. Louis, Missouri (US) using a retrospective 
cohort design. The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). The 
Washington University School of Medicine Institutional 
Review Board reviewed the protocol and waived the need 
for informed consent (IRB No. 202012069).

The main outcome of this descriptive study is to report 
the bias and limits of agreement for CXR lung heights and 
the final error in calculated donor-recipient lung height 
difference (19).

Eligible donors and recipients were numbered and then 
selected according to a random number generator. Twenty-
five recipients listed for transplantation from 1/1/2019 to 
12/1/2020 at Washington University School of Medicine - 
Barnes Jewish Hospital, and 25 donors from all prospective 
brain-dead donors managed at MAT’s independent organ 
recovery center over the same period were included. 
Donors and recipients were independent of each other. Up 
to 6 CXRs were measured per subject and individuals with 
only one CXR were excluded. 

Measurements

Recipients undergo posteroanterior CXR using standard 
technique with the patient upright during full inspiration and 
1.83 m target-to-film distance at every pre-transplant clinic 
visit. These visits occur at least every three months and more 
frequently as clinically indicated. Only CXRs obtained during 
the 6 months prior to transplantation were included. Donor 
CXRs are portable supine anteroposterior images while 
receiving mechanical ventilation with tidal volumes of 6– 
8 mL/kg and with a positive end-expiratory pressure of 10 cm 
H2O. Donors undergo CXR imaging as clinically indicated. 
The images for donors and recipients were digitally stored. 

https://jtd.amegroups.com/article/view/10.21037/jtd-21-1755/rc
https://jtd.amegroups.com/article/view/10.21037/jtd-21-1755/rc
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Table 1 Comparison of the strength and limitations of methods used to size match donors and recipients for lung transplantation

Size matching method Advantages Limitations

Predicted total lung 
capacity

•	 Unbiassed by underlying disease process
•	 Easy to calculate
•	 Applicable to donor and recipient
•	 Outcome data available

•	 Wide confidence interval of the predictions
•	 Precision of the estimates can only be improved 

marginally
•	 Does not consider the underlying disease process

Pulmonary function tests 
(TLC, FVC)

•	 Accurate estimate of lung volumes •	 Only available for recipient in clinical practice
•	 Biased by underlying lung disease

Inframammary chest 
circumference

•	 Simple
•	 Attempts to measure actual lung volume
•	 Available for donor and recipient

•	 Inaccurate estimates of lung volume
•	 Affected by obesity
•	 Error in measurement

Chest X-ray (Linear, 
planimetric measures)

•	 Simple
•	 Accurate estimates of TLC under study conditions
•	 Available for donor and recipient
•	 Outcome data available

•	 Precision and accuracy unknown in clinical setting
•	 Biased by underlying disease

Computed tomography 
volumetry

•	 Accurate estimates of TLC under study conditions
•	 Provides additional anatomical information related 

to donor quality

•	 Limited clinical data
•	 Precision and accuracy unknown in clinical setting
•	 Not routinely available

TLC, total lung capacity, FVC, forced vital capacity.

The right and left lung heights (RLH, LLH) measured 
from the lung apices to the ipsilateral dome of the 
diaphragm, the height from the right and the left apex to 
the ipsilateral costophrenic angle (RCH and LCH) and 
the diaphragmatic width (DW, the distance between the 
right and left costophrenic angles) were measured twice 
by two independent raters blinded to each other and to 
their previous measurements (Figure 1). The two raters 
were lung transplant clinicians regularly involved in the 
matching of donors and recipients. When the dome of the 
diaphragm was not apparent, the lung height was measured 
to the middle of the ipsilateral diaphragm. In cases were 
basilar infiltrates obscured the diaphragm or costophrenic 
angles, the raters used their best judgement to provide 
measurements. The measurements were performed using 
IConnect Access 6.2® (Merge Healthcare, 900 Walnut 
Ridge Drive Hartland, WI 53029 USA). Age, gender, race, 
and height in centimeters for both donors and recipients 
and the underlying diagnosis for recipients were recorded. 
All analyses were conducted using STATA/SE 15.1 
(StataCorp, TX, USA).

Statistical analysis

Categorical data are presented as percentages and 
continuous data as means with standard deviations (SD). 

Agreement analysis
We performed a univariate linear regression with the 
individual difference in lung heights as the outcome of 
interest and donor vs. recipient status and demographics 
as predictors. This preliminary step was used to decide 
whether data from donors and recipients could be pooled 
together for the analyses. 

We relied on diagnostic plots for normality and Spearman 
correlations between individual standard deviations and 
individual average height to test the Bland Altman assumptions 
of normality in the distribution of errors and stability of the 
error magnitude across the range of measurements (16). 

Finally, we described the agreement of repeated CXR 
measures by comparing the two blinded raters using 
ANOVA methods as described by Bland and Altman (16) 
and accounting for the presence of multiple measurements 
per individual (Appendix 1). Measures of systematic error 
or bias and precision including within and between subject 
variability and the final SD of the differences in lung 
heights with their confidence intervals are provided.

Error propagation
Both bias (systematic error) and precision (random error) 
of donor/recipient lung height measurements must be 
considered to calculate the final bias and precision of their 
difference in height. According to the error propagation 

https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
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theory, the final bias will equal 0 if the rater is the same 
and will double if the donor and recipient have different 
raters (15). Errors in precision are random and normally 
distributed, and the resulting precision error of differences 
in height between donor and recipient follows a normal 
distribution with SD = square root of (variance of the donor 
lung heights + variance of the recipient lung heights) (15). 

Probabilities of matching according to “true lung 
height” differences
Since random errors in measurement are normally 
distributed, the best estimate of the true value is its mean (15).  
Therefore, we define the “true lung height” as the average 
of the measured lung heights for an individual. We 
obtain the probabilities of size-matching a donor and a 
recipient according to the “true lung height” difference 
(Donor true lung height - Recipient true lung height) 
using the SD of the CXR lung height difference between 
donors and recipients, calculated according to section 
Error propagation, and Z scores for Difference ± 2 Bias ± 
(maximum allowed height difference in cm). 

Sample size
For alpha =0.05 and beta =0.2, at least 300 measurements 
are needed per reader to achieve a confidence interval of 

0.2× standard error of the limits of agreement confidence 
interval (20).

Results

A total of 25 donors and 25 recipients with a median of  
4 (interquartile range, 3–6) CXRs per individual and a total 
of 387 CXRs were evaluated twice by the 2 independent 
raters (Figure S1). One recipient had bibasilar radiographic 
infiltrates obscuring both diaphragms in each of the 6 chest 
X-rays resulting in differences in height greater than 3 times 
the SD and was excluded from the analyses. For the rest of 
the cohort, 29 (7.5%) CXRs had basilar infiltrates/effusions. 
All other variables were available for both the recipients and 
the donors. The average age was 47.8±2.5 years, 29 (59.2%) 
subjects were male and 45 (91.8%) were white. The main 
indication for transplantation was interstitial lung disease 
followed by chronic obstructive lung disease. Donors were 
significantly younger than recipients. All recipients were 
white and 4 (16%) donors were African American. Sex, 
height, and average CXR lung heights were similar between 
the study groups (Table 2). 

There was no significant relationship between age, sex, 
donor vs. recipient, diagnostic group, race/ethnicity and 
the outcome of standard deviation of lung heights in the 
preliminary univariate linear regression. Thus, we pooled 
lung height measures from all the subjects to calculate the 
limits of agreement (LoA).

Agreement and error analysis

DW had the best agreement without bias between raters 
and 95% of the measurements for a given individual fell 
within an error range of 4.4 cm (95% CI: 4.1–4.9 cm). The 
RLH and LLH followed with a bias of 0.27 and 0.22 cm and 
an error range of 6.2 cm (95% CI: 5.9–6.5 cm) and 6.4 cm  
(95% CI: 6–6.8 cm) respectively. RCH and LCH had the 
worst agreement with biases of 0.27 and 0.3 cm and error 
range of 8 cm (95% CI: 7.5–8.5 cm) and 7.6 cm (95% CI: 
7.2–8 cm). The main contributor to the error in lung height 
measurement from a random CXR was the within subject 
variability. Averaging individual measurements resulted 
in narrower LoA without substantially improving bias  
(Tables 3,4, Figure 2 and Figures S2-S5).

The Bland-Altman assumptions of normality in the 
distribution of errors and stability of the magnitude of 
the error across the range of measurements were met 
(Supplemental Results and Figures S6-S10).

DW

RLH

RCH LCH

LLH

Figure 1 Measurements. Solid line: RLH and LLH. Dotted line: 
right and left lung apex to ipsilateral costophrenic angle height 
(RCH, LCH). Dashed line: costophrenic angle to costophrenic 
angle, DW. RLH, right lung height; LLH, left lung height; DW, 
diaphragmatic width. 

https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
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Error propagation analysis

The error of the difference between the lung height of the 
donor and the lung height of the recipient in the case of one 
rater has the following standard deviations for RLH, LLH, 
RCH, LCH and DW respectively: 2.2 cm (95% CI: 2.1– 
2.3 cm), 2.3 cm (95% CI: 2.1–2.3 cm), 2.9 cm (95% CI: 

2.4–3.1 cm), 2.7 cm (95% CI: 2.5–2.8 cm) and 1.62 (95% 
CI: 1.5–1.8 cm). Using the average lung height improves 
the error SDs to 0.6 cm (95% CI: 0.4–0.6), 0.7 cm (95% 
CI: 0.6–0.9), 0.8 cm (95% CI: 0.6–1), 0.7 cm (95% CI: 0.5–
0.9), and 0.7 cm (95% CI: 0.5–0.9) (Figure 3, Figure S11,  
Tables S1-S8). 

Using RLH as an example, a donor and a recipient with 

Table 2 Demographics and average lung height measurements grouped according to donor vs. recipient status

Demographics and chest X-ray measurements Donor, n=25 Recipient, n=24

Age in years, median [IQR] 33 [25–47] 63.5 [59–66]

Gender, male 16 (64%) 13 (54.2%)

Race, white 21 (84%) 24 (100%)

Height, cm* 168.7 (±7.2) 170.6 (±2.1)

Underlying diagnosis

Interstitial lung disease 14 (56%)

Chronic obstructive pulmonary disease 8 (32%)

Cystic fibrosis 2 (8%)

Pulmonary hypertension 1 (4%)

Right apex to dome of diaphragm* 20.8 (±3.8) 20.8 (±4.7)

Left apex to dome of diaphragm* 22.6 (±3.4) 22.8 (±4.2)

Right apex to costophrenic angle* 26.2 (±4.4) 25.2 (±5.3)

Left apex to costophrenic angle* 27.6 (±4.1) 26.8 (±4.8)

Costophrenic angle to costophrenic angle* 29.5 (±2.1) 28.7 (±2.7)

*, units are centimeters, (± standard deviation). IQR, interquartile range. 

Table 3 Agreement between two blinded readers measuring right and left lung apex to the ipsilateral dome of the diaphragm and costophrenic 
angle and the distance between the right and left costophrenic angles

Parameter
Right apex to dome of 

the diaphragm
Left apex to dome of the 

diaphragm
Right apex to right 
costophrenic angle

Left apex to left 
costophrenic angle

Diaphragm width

Bias (SE) −0.27 (±0.03) −0.22 (±0.06) −0.27 (±0.07) −0.3 (±0.04) 0.07 (±0.08)

Upper LoA (95% 
CI)

2.8 (2.7, 3.0) 3 (2.8, 3.2) 3.7 (3.5, 4) 3.5 (3.3, 3.7) 2.3 (2.1, 2.5)

Lower LoA (95% CI) −3.4 (−3.5, −3.2) −3.4 (−3.6, −3.2) −4.3 (−4.5, −4) −4.1 (−4.3, −3.9) −2.1 (−2.4, −2)

σ of the differences 
(95% CI)

1.58 (1.48, 1.63) 1.62 (1.5, 1.65) 2.04 (1.75, 2.13) 1.93 (1.8, 2) 1.15 (1.03, 1.23)

Within subject 
variance (SE)

2.76 (±0.06) 2.78 (±0.2) 4.56 (±0.1) 4.09 (±0.14) 1.2 (±0.04)

Between Subject 
variance (SE)

−0.26 (±0.03) −0.16 (±0.06) −0.4 (±0.05) −0.37 (±0.06) 0.12 (±0.04)

SE, standard error; LoA, limits of agreement; CI, confidence interval.

https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
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Table 4 Agreement of individual mean lung heights between two blinded readers measuring right and left lung apex to the ipsilateral dome of the 
diaphragm and costophrenic angle and the distance between the right and left costophrenic angles

Parameter
Right apex to dome of 
the diaphragm, mean

Left apex to dome of 
the diaphragm, mean

Right apex to right 
costophrenic angle, 

mean

Left apex to left 
costophrenic angle, 

mean

Diaphragm width,  
mean

Bias (SE) −0.25 (±0.06) −0.21 (±0.07) −0.22 (±0.08) −0.22 (±0.07) −0.11 (±0.07)

Upper LoA (95% 
CI)

0.52 (0.75,0.36) 0.78 (0.58, 1.09) 0.82 (0.60, 1.13) 0.76 (0.55, 1.05) 0.85 (0.65, 1.14)

Lower LoA (95% CI) −1.03 (−0.87, −1.03) −1.21 (−1.51, −1.01) −1.26 (−1.57, −1.04) −1.20 (−1.44, −0.96) −1.08 (−1.32, −0.88)

σ of the differences 0.39 (0.31, 0.45) 0.51 (0.4, 0.65) 0.53 (0.41, 0.68) 0.5 (0.38, 0.62) 0.49 (0.38, 0.62)

LoA, limits of agreement; SE, standard error; CI, confidence interval. 

Figure 2 Bland-Altman plot for chest X-ray right lung height measured by two blinded readers from the right apex to the dome of the 
ipsilateral diaphragm. Individual measurements in the left panel, mean lung height in the right panel. The dashed black lines represent the 
mean difference or bias, and the limits of agreement with their 95% confidence intervals. 
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equal true lung heights could be considered incompatible 
due to random error across differences in RLH of ±6.6 cm 
(95% CI: ±6.3, ±6.9 cm). If the average of available CXRs 
is used, the donor and recipient could be considered size-
incompatible across a range of ±1.7 cm (95% CI: ±1.3,  
±1.9 cm) in true lung height differences. When two 
different readers measure the CXRs, this range is expanded 
by 2*bias. In the case of the RLH it would increase to  

±7.1 cm (95% CI: ±6.9, ±7.4 cm) for random CXRs and 
±2.2 cm (95% CI: ±1.8, ±2.5 cm) for the average RLH 
(Figure 3). 

Figure 3, Figure S10 and Tables S1-S8 expand on the 
probabilities that a donor and recipient will be sized-
matched according to the maximal acceptable lung height 
difference, true lung height difference and one or two 
raters. 

https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf
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Figure 3 In the vertical axis percent probability of size matching donor and recipient according to: right lung height difference in the left 
panel, mean right lung height difference in the right panel, maximum allowed lung heights to match donor and recipient (dashed line =2 cm; 
dot line =4 cm; long dash =6 cm; dash, dot, dot =8 cm; solid line =10 cm.) and one or two chest X-ray readers (black =1; light grey =2). Until 
the apex of the curve reaches 100% donors and recipients with the same true lung height have a probability of not being matched equal 
to the distance between the apex and the 100% mark. The spread of the base equals the range of true lung heights differences that can be 
matched in each condition. When the apex becomes a plateau donor recipient pairs with true lung height difference equal to length of the 
plateau will be matched 100% of the time.
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The height from any point of the curve and its distance 
to the 100% mark are the probability that a given donor-
recipient pair with that true lung height difference will be 
matched or not according to the maximal accepted lung 
height difference represented by that curve. The width 
of the base of the curve equals the range of possible size 
matches under different conditions (Figure 3, Figure S2). 
For example, if we allow a maximum RLH difference of 5 
cm between the donor and recipient CXRs, the range of 
possible true lung height matches becomes 12.1 cm (95% 
CI: 11.9, 12.4 cm).

The probability of matching a donor and a recipient 
decreases with increasing true lung height difference. 

Discussion

The use of single CXR lung heights is imprecise for 
the purpose of donor-recipient size matching for lung 

transplantation. Within individual variability and the double 
need for measurements in the donor and the recipient 
resulting in error propagation are largely responsible for the 
lack of precision. Between subject variability and rater bias 
contribute to a smaller extent. 

Contemporary cohorts have highlighted the importance 
of size matching with worse outcomes in cases of size 
discrepancy (3,4,7,21-23). In a series of studies, Eberlein 
et al. (3,4,21-23) found that a donor to recipient predicted 
TLC ratio >1 was associated with improved survival, 
reduced risk of chronic lung allograft dysfunction and had 
lower resource utilization overall. The 2019 International 
Society of Heart Lung Transplantation Registry report 
focused on size matching (8). Using donor to recipient 
height differences as a surrogate for TLC, they analyzed 
69,200 lung transplantation procedures. The highest 
mortality at 1 and 5 years was noted in patients receiving 
smaller lungs and when the donor-recipient height 

https://cdn.amegroups.cn/static/public/JTD-21-1755-supplementary.pdf


Journal of Thoracic Disease, Vol 14, No 4 April 2022 1049

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2022;14(4):1042-1051 | https://dx.doi.org/10.21037/jtd-21-1755

difference was ≤−15 cm (8). These findings emphasize the 
deleterious effects of transplanting smaller lungs for the size 
of the recipient.

Oversizing donor lungs can also lead to adverse 
outcomes. Oversized donor grafts are responsible for all 
the lung size-reduction procedures during transplantation 
surgeries and cause 50% of the delayed chest closures 
(24,25). In a cohort study from Spain, survival at 1 and 
5 years was lower in the group of patients requiring any 
type of allograft reduction surgery (7). Using CXR lung 
height measured from the apex of the lung to the ipsilateral 
costophrenic angle, a donor-recipient ratio of >1 was 
associated with an increased risk of severe primary graft 
dysfunction and need for lung size reduction (6). 

These results highlight the association of predicted TLC 
and CXR lung heights with outcomes at the population level. 
At the individual level they both fail to establish accurate 
size relationships due to their lack of precision. Predictive 
TLC equations consider sex and age but TLC (12)  
is dependent on many other factors such as genetic and 
epigenetic influences, preterm birth, early childhood 
infections, malnutrition and other noxious exposures 
(26-28). These factors can’t currently be accounted for 
reliably and are responsible for the predictions’ wide 
confidence intervals. The precision of these equations has 
not improved over the past 50 years and it should not be 
expected to improve (12). Predictive TLC equations were 
conceived to differentiate disease states from health, not to 
be precise. They allow the gross description of relationships 
between size and outcomes but may not the right tool for 
personalized size matching.

In the case of CXR lung heights, a simple solution that 
could be implemented in any setting is the use of mean 
CXR lung heights across multiple CXRs. Within subject 
variability—different lung heights in different CXRs taken 
for the same patient—was the major contributor to the 
imprecision of individual CXR measurements in our study. 
This variability can be overcome by averaging multiple 
measurements (16). Previous studies using double exposure 
CXR (full inspiration and expiration) found an average 
diaphragmatic excursion of around 6 cm (14), very close to 
the range of CXR lung height error in our analysis. We did 
not make assumptions about the CXR timing in relation to 
the respiratory cycle, the quality of the inspiratory effort or 
the radiographic technique. A combination of the three is 
likely responsible for the observed differences. 

Our study has several limitations. Both donors and 
recipients were selected at random and independent of each 

other. As a result, we do not know if any of the donors were 
appropriately accepted or rejected based on size and we do 
not have data on adverse outcomes related to these actions. 
However, this was not the goal of our analysis. Our goal 
was to evaluate the precision of CXR lung heights as a tool 
for size matching. For this reason, we do not describe an 
ideal lung height difference between donors and recipients. 
Future studies using the mean CXR lung height are needed 
to answer this question. 

The average number of CXRs in our study was 4 and this 
was enough to achieve a margin of error for the mean lung 
height of approximately 1.5 cm. More measurements would 
decrease this margin of error according to the formula N = 
(1.96*SD)/desired margin of error.

Two raters measured all  the CXRs twice. They 
are clinicians involved in clinical lung transplantation 
and not radiologists. This reflects our local practice. 
Their measurements were biased from each other by 
approximately 0.25 cm. Although this bias could be 
addressed through continued training, the results of the 
analysis using a single rater and effectively eliminating 
inter-rater bias, were not substantially different. 

Finally, the CXR lung heights are only measuring one 
dimension, but the lungs are three-dimensional structures. 
This results in the apparent incongruency of the right lung 
being shorter on average than the left lung (20 vs. 22 cm) 
even though its volume is usually larger. A shorter but wider 
or/and deeper structure can have a larger volume and the 
relationship between lung height and volume is different 
for the right and left lungs for this reason. Quantitative 
computed tomography could overcome this limitation. 
However, in clinical practice it will likely be subject to 
errors in measurement similar to those observed in our 
study (29).

In conclusion, isolated lung height measurements 
from CXRs are inaccurate for the purpose of donor-
recipient size-matching. Error propagation stemming 
from the need to measure both the donor and the recipient 
further impedes size-matching. Average lung height 
measurements across multiple CXRs are more precise and 
should be validated against clinical outcomes before their 
implementation in clinical practice. 
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Appendix 1

Calculating limits of agreement

We describe the agreement of repeated CXR measures by comparing two blinded raters using ANOVA methods as described 
by Bland and Altman (16) and accounting for the presence of multiple measurements per individual. We use the true value is 
constant method (16) because the total lung capacity which is being estimated does not vary. The analysis is performed twice 
for each dimension, once with individual measurements and once with individual means

The model for each measure is: Xij= Txij + Bx + Ixi + Exij

where X is the jth measurement in the ith individual, T is the true value we are attempting to estimate, and B, I and E are 
error terms. B is the bias between the two raters, I and E are random variables with means of zero that measure between and 
within subject differences (15). Bland and Altman evaluate the difference between two methods and plot these differences 
against their mean. The plot includes the limits of agreement (LoA) which contain 95% of the differences between 
measurements with their confidence intervals. The LoA are estimated using the following formula:

LoA= B ± 1.96 * σd

B being the overall bias and σd the standard deviation of the differences. The confidence intervals are also calculated with 
the true value is constant method (16). 

Testing Bland Altman assumptions

To test Bland-Altman assumptions histograms of the differences for each individual measure were plotted and approximated 
the normal distribution (Figures S1-S5). The individual subject standard deviation was plotted against the individual mean for 
every measurement. The standard deviations were unrelated to the magnitude of the individual mean (Spearman’s ρ=0.05; 
95% Confidence interval (CI): −0.03, 0.14) and ρ=0.007; 95% CI: −0.11, 0.10) for the right and left lung height respectively).

RCH
Spearman's ρ +/- SE: 0.0069398 +/- 0.0440859 (95% CI: -0.082 to 0.095)
RCL
Spearman's ρ +/- SE: -0.0167377 +/- 0.0371308 (95% CI: -0.089 to 0.058)
DW
Spearman's ρ +/- SE: 0.0462190 +/- 0.0529452 (95% CI: -0.060 to 0.146)

Supplementary
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Total Donors: 448 Recipients: 82

Eligible Donors: 144 Eligible Recipients: 78

Included Donors: 25*

387 chest X-rays
Measure twice by two independent blinded readers

Included recipients: 25*

304 without chest X-rays or only 
1 chest X-ray

4 with only one chest X-ray

119 excluded* 53 excluded*

Figure S1 Population flow chart. * selected using a random number generator.

Figure S2 Bland-Altman plot for chest X-ray left lung height measured by two blinded readers. Individual measurements in the left panel, 
mean lung height in the right panel. The dashed black lines represent the mean difference or bias, and the limits of agreement with their 
95% confidence intervals. 
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Figure S4 Bland-Altman plot for chest X-ray left lung height measured by two blinded readers from the left apex to the ipsilateral 
costophrenic angle. Individual measurements in the left panel, mean lung height in the right panel. The dashed black lines represent the 
mean difference or bias, and the limits of agreement with their 95% confidence intervals.

Figure S3 Bland-Altman plot for chest X-ray right lung height measured by two blinded readers from the right apex to the ipsilateral 
costophrenic angle. Individual measurements in the left panel, mean lung height in the right panel. The dashed black lines represent the 
mean 
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Figure S6 Histogram of individual differences in right lung height measured from the right lung apex to the dome or middle of the right 
diaphragm in the horizontal axis vs. frequency in the vertical axis.

Figure S5 Bland-Altman plot for chest X-ray diaphragmatic width measured by two blinded readers from the right to the left costophrenic 
angle. Individual measurements in the left panel, mean lung height in the right panel. The dashed black lines represent the mean difference 
or bias, and the limits of agreement with their 95% confidence intervals.
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Figure S8 Histogram of individual differences for the distance between the right lung apex and the right costo-phrenic angle in the 
horizontal axis vs. frequency in the vertical axis.

Figure S7 Histogram of individual differences in left lung height measured from the apex of the left lung to the middle or dome of the left 
hemidiaphragm in the horizontal axis vs. frequency in the vertical axis.
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Figure S10 Histogram of the differences for diaphragmatic width in the horizontal axis vs. frequency in the vertical axis.

Figure S9 Histogram of individual differences for the distance between the left lung apex to the left costo-phrenic angle in the horizontal 
axis vs. frequency in the vertical axis.
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Figure S11 Percent probability of size matching donor and recipient according to left lung height difference in the left panel, mean left lung 
height difference in the right panel, maximum allowed lung heights to match donor and recipient (dashed line =2 cm; dot line =4 cm; long 
dash =6 cm; dash, dot, dot =8 cm; solid line =10 cm.) and one or two chest X-ray readers (black =1; light grey =2). Until the apex of the curve 
reaches 100% donors and recipients with the same true lung height have a probability of not being matched equal to the distance between 
the apex and the 100% mark. The spread of the base equals the range of true lung heights differences that can be matched in each condition. 
When the apex becomes a plateau donor recipient pair with true lung height difference equal to length of the plateau will be matched 100% 
of the time.
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Table S1 Percent probability of size matching a donor and recipient based on measurement error by a single reader, measured height difference 
in the vertical axis and maximum allowed difference in right lung height measured from the apex to the dome or middle of the ipsilateral 
diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 31.5 58.3 77.8 89.8 96.0 98.7 99.6 99.9 100.0 100.0

2 cm 23.8 46.3 66.0 81.1 90.9 96.3 98.7 99.6 99.9 100.0

3 cm 14.9 31.5 49.6 67.2 81.4 91.0 96.3 98.7 99.6 99.9

4 cm 7.7 18.2 32.6 50.0 67.3 81.5 91.0 96.3 98.7 99.6

5 cm 3.3 8.9 18.5 32.7 50.0 67.3 81.5 91.0 96.3 98.7

6 cm 1.2 3.7 9.0 18.5 32.7 50.0 67.3 81.5 91.0 96.3

7 cm 0.3 1.3 3.7 9.0 18.5 32.7 50.0 67.3 81.5 91.0

8 cm 0.1 0.4 1.3 3.7 9.0 18.5 32.7 50.0 67.3 81.5

9 cm 0.0 0.1 0.4 1.3 3.7 9.0 18.5 32.7 50.0 67.3

10 cm 0.0 0.0 0.1 0.4 1.3 3.7 9.0 18.5 32.7 50.0

11 cm 0.0 0.0 0.0 0.1 0.4 1.3 3.7 9.0 18.5 32.7

12 cm 0.0 0.0 0.0 0.0 0.1 0.4 1.3 3.7 9.0 18.5

13 cm 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.3 3.7 9.0

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.3 3.7

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.3

Table S2 Percent probability of size matching a donor and recipient based on measurement error by a single reader, measured height difference 
in the vertical axis and maximum allowed difference in left lung height measured from the apex to the dome or middle of the ipsilateral diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 30.9 57.4 76.8 89.0 95.5 98.4 99.5 99.9 100.0 100.0

2 cm 23.6 46.0 65.4 80.4 90.4 95.9 98.5 99.6 99.9 100.0

3 cm 15.1 31.7 49.6 66.8 80.8 90.5 96.0 98.5 99.6 99.9

4 cm 8.1 18.7 33.0 50.0 66.9 80.9 90.5 96.0 98.5 99.6

5 cm 3.6 9.4 19.1 33.1 50.0 66.9 80.9 90.5 96.0 98.5

6 cm 1.3 4.0 9.5 19.1 33.1 50.0 66.9 80.9 90.5 96.0

7 cm 0.4 1.4 4.0 9.5 19.1 33.1 50.0 66.9 80.9 90.5

8 cm 0.1 0.4 1.5 4.0 9.5 19.1 33.1 50.0 66.9 80.9

9 cm 0.0 0.1 0.4 1.5 4.0 9.5 19.1 33.1 50.0 66.9

10 cm 0.0 0.0 0.1 0.4 1.5 4.0 9.5 19.1 33.1 50.0

11 cm 0.0 0.0 0.0 0.1 0.4 1.5 4.0 9.5 19.1 33.1

12 cm 0.0 0.0 0.0 0.0 0.1 0.4 1.5 4.0 9.5 19.1

13 cm 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.5 4.0 9.5

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.5 4.0

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.4 1.5
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Table S3 Percent probability of size matching a donor and recipient based on measurement error by two independent readers, measured 
height difference in the vertical axis and maximum allowed difference in right lung height measured from the apex to the dome or middle of the 
ipsilateral diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 14.8 44.6 68.2 84.2 93.2 97.5 99.2 99.8 100.0 100.0

2 cm 11.0 34.4 55.9 73.6 86.3 93.9 97.7 99.3 99.8 100.0

3 cm 6.7 22.2 39.7 58.0 74.3 86.4 93.9 97.7 99.3 99.8

4 cm 3.4 12.1 24.3 40.4 58.1 74.3 86.5 93.9 97.7 99.3

5 cm 1.4 5.5 12.7 24.5 40.5 58.2 74.3 86.5 93.9 97.7

6 cm 0.5 2.1 5.6 12.8 24.5 40.5 58.2 74.3 86.5 93.9

7 cm 0.1 0.7 2.1 5.7 12.8 24.5 40.5 58.2 74.3 86.5

8 cm 0.0 0.2 0.7 2.1 5.7 12.8 24.5 40.5 58.2 74.3

9 cm 0.0 0.0 0.2 0.7 2.1 5.7 12.8 24.5 40.5 58.2

10 cm 0.0 0.0 0.0 0.2 0.7 2.1 5.7 12.8 24.5 40.5

11 cm 0.0 0.0 0.0 0.0 0.2 0.7 2.1 5.7 12.8 24.5

12 cm 0.0 0.0 0.0 0.0 0.0 0.2 0.7 2.1 5.7 12.8

13 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.7 2.1 5.7

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.7 2.1

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.7

Table S4 Percent probability of size matching a donor and recipient based on measurement error by two independent readers, measured height 
difference in the vertical axis and maximum allowed difference in left lung height measured from the apex to the dome or middle of the ipsilateral 
diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 17.6 46.5 69.2 84.5 93.2 97.5 99.2 99.8 100.0 100.0

2 cm 13.3 36.4 57.3 74.4 86.6 93.9 97.7 99.2 99.8 100.0

3 cm 8.3 24.2 41.6 59.4 75.2 86.8 94.0 97.7 99.2 99.8

4 cm 4.3 13.6 26.3 42.3 59.6 75.2 86.8 94.0 97.7 99.2

5 cm 1.9 6.5 14.3 26.5 42.4 59.7 75.2 86.8 94.0 97.7

6 cm 0.7 2.6 6.7 14.3 26.5 42.4 59.7 75.2 86.8 94.0

7 cm 0.2 0.9 2.6 6.7 14.3 26.5 42.4 59.7 75.2 86.8

8 cm 0.0 0.2 0.9 2.6 6.7 14.3 26.5 42.4 59.7 75.2

9 cm 0.0 0.1 0.2 0.9 2.6 6.7 14.3 26.5 42.4 59.7

10 cm 0.0 0.0 0.1 0.2 0.9 2.6 6.7 14.3 26.5 42.4

11 cm 0.0 0.0 0.0 0.1 0.2 0.9 2.6 6.7 14.3 26.5

12 cm 0.0 0.0 0.0 0.0 0.1 0.2 0.9 2.6 6.7 14.3

13 cm 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.9 2.6 6.7

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.9 2.6

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 0.9
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Table S5 Percent probability of size matching a donor and recipient based on measurement error by a single reader, difference in mean right 
lung height in the vertical axis and maximum allowed difference in mean right lung height measured from the apex to the dome or middle of the 
ipsilateral diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 50.0 96.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

2 cm 3.5 50.0 96.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0

3 cm 0.0 3.5 50.0 96.5 100.0 100.0 100.0 100.0 100.0 100.0

4 cm 0.0 0.0 3.5 50.0 96.5 100.0 100.0 100.0 100.0 100.0

5 cm 0.0 0.0 0.0 3.5 50.0 96.5 100.0 100.0 100.0 100.0

6 cm 0.0 0.0 0.0 0.0 3.5 50.0 96.5 100.0 100.0 100.0

7 cm 0.0 0.0 0.0 0.0 0.0 3.5 50.0 96.5 100.0 100.0

8 cm 0.0 0.0 0.0 0.0 0.0 0.0 3.5 50.0 96.5 100.0

9 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.5 50.0 96.5

10 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.5 50.0

11 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 3.5

12 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

13 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table S6 Percent probability of size matching a donor and recipient based on measurement error by a single reader, difference in mean left lung 
height the vertical axis and maximum allowed difference in mean left lung height measured from the apex to the dome or middle of the ipsilateral 
diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 49.7 91.7 99.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0

2 cm 8.3 50.0 91.7 99.7 100.0 100.0 100.0 100.0 100.0 100.0

3 cm 0.3 8.3 50.0 91.7 99.7 100.0 100.0 100.0 100.0 100.0

4 cm 0.0 0.3 8.3 50.0 91.7 99.7 100.0 100.0 100.0 100.0

5 cm 0.0 0.0 0.3 8.3 50.0 91.7 99.7 100.0 100.0 100.0

6 cm 0.0 0.0 0.0 0.3 8.3 50.0 91.7 99.7 100.0 100.0

7 cm 0.0 0.0 0.0 0.0 0.3 8.3 50.0 91.7 99.7 100.0

8 cm 0.0 0.0 0.0 0.0 0.0 0.3 8.3 50.0 91.7 99.7

9 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.3 8.3 50.0 91.7

10 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 8.3 50.0

11 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 8.3

12 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3

13 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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Table S7 Percent probability of size matching a donor and recipient based on measurement error by two independent readers, difference in mean 
right lung height the vertical axis and maximum allowed difference in mean right lung height measured from the apex to the dome or middle of 
the ipsilateral diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 17.9 81.8 99.7 100.0 100.0 100.0 100.0 100.0 100.0 100.0

2 cm 0.3 18.2 81.8 99.7 100.0 100.0 100.0 100.0 100.0 100.0

3 cm 0.0 0.3 18.2 81.8 99.7 100.0 100.0 100.0 100.0 100.0

4 cm 0.0 0.0 0.3 18.2 81.8 99.7 100.0 100.0 100.0 100.0

5 cm 0.0 0.0 0.0 0.3 18.2 81.8 99.7 100.0 100.0 100.0

6 cm 0.0 0.0 0.0 0.0 0.3 18.2 81.8 99.7 100.0 100.0

7 cm 0.0 0.0 0.0 0.0 0.0 0.3 18.2 81.8 99.7 100.0

8 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.3 18.2 81.8 99.7

9 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 18.2 81.8

10 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 18.2

11 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3

12 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

13 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table S8 Percent probability of size matching a donor and recipient based on measurement error by two independent readers, difference in 
mean height of the left lung in the vertical axis and maximum allowed difference in mean left lung height measured from the apex to the dome or 
middle of the ipsilateral diaphragm

True lung height difference
Maximum allowed donor-recipient height difference to match

1 cm 2 cm 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm

1 cm 26.6 78.9 98.6 100.0 100.0 100.0 100.0 100.0 100.0 100.0

2 cm 2.4 28.0 78.9 98.6 100.0 100.0 100.0 100.0 100.0 100.0

3 cm 0.0 2.4 28.0 78.9 98.6 100.0 100.0 100.0 100.0 100.0

4 cm 0.0 0.0 2.4 28.0 78.9 98.6 100.0 100.0 100.0 100.0

5 cm 0.0 0.0 0.0 2.4 28.0 78.9 98.6 100.0 100.0 100.0

6 cm 0.0 0.0 0.0 0.0 2.4 28.0 78.9 98.6 100.0 100.0

7 cm 0.0 0.0 0.0 0.0 0.0 2.4 28.0 78.9 98.6 100.0

8 cm 0.0 0.0 0.0 0.0 0.0 0.0 2.4 28.0 78.9 98.6

9 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 28.0 78.9

10 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4 28.0

11 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.4

12 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

13 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

14 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15 cm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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