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Abstract

Objectives—We undertook a challenge to determine if one or more height-weight formula(e) 

can be clinically used as a surrogate for direct CT-based imaging assessment of body composition 

before and after radiotherapy for head and neck cancer (HNC) patients, who are at risk for cancer- 

and therapy-associated cachexia/sarcopenia.

Materials and Methods—This retrospective single-institution study included 215 HNC 

patients, treated with curative radiotherapy between 2003 and 2013. Height/weight measures were 

tabulated. Skeletal muscle mass was contoured on pre- and post-treatment CT at the L3 vertebral 

level. Three common lean body mass (LBM) formulae (Hume, Boer, and James) were calculated, 

and compared to CT assessment at each time point.

Results—156 patients (73%) had tumors arising in the oropharynx and 130 (61%) received 

concurrent chemotherapy. Mean pretreatment body mass index (BMI) was 28.5 ± 4.9 kg/m2 in 

men and 27.8 ± 8 kg/m2 in women. Mean post-treatment BMI were 26.2 ± 4.4 kg/m2 in men, 26 

± 7.5 kg/m2 in women. Mean CT-derived LBM decreased from 55.2±11.8 kg pre-therapy to 

49.27±9.84 kg post-radiation. Methods comparison revealed 95% limit of agreement of ±12.5–

13.2 kg between CT and height-weight formulae. Post-treatment LBM with the three formulae 
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was significantly different from CT (p<0.0001). In all instances, no height-weight formula was 

practically equivalent to CT within ±5 kg.

Conclusion—Formulae cannot accurately substitute for direct quantitative imaging LBM 

measurements. We therefore recommend CT-based LBM assessment as a routine practice of head 

and neck cancer patient body composition.
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body composition; lean body mass; computed tomography; height- and weight-based 
mathematical formulas; head and neck cancer; radiotherapy

Introduction

Patients with head and neck cancer (HNC) commonly experience major weight loss, both 

prior to and during therapy, which is associated with poor functional and survival outcomes. 

Weight loss in cancer patients result from both cancer-associated metabolic states, as well as 

cancer treatment toxicity sequelae. For HNC, the latter are especially pronounced, and 

include mucositis, xerostomia, dysphagia and nausea/vomiting. These symptoms can lead to 

poor oral intake and weight loss, with a resultant change in body composition. The 

connection between weight loss and outcome largely reflects a loss in lean body mass 

(LBM), indicative of pathological metabolic states, such as cachexia or severe malnutrition. 

Recent evidence demonstrates a clear dissociation between total body weight loss and LBM 

loss, reflecting the increased prevalence of obesity in the population. Indeed, multiple 

reports show that a) the prognostic value of weight loss depends upon the patient’s body 

mass index (BMI)[1]; and b) elevated BMI may be associated with low LBM, and thus, 

decreased survival [1, 2]. Coherently, weight loss itself poorly predicts outcome in HNC 

patients when compared with depleted LBM [3]. Furthermore, radioactive 

18Fluorodeoxyglucose uptake, the measure of metabolic activity assessed in PET scans, are 

traditionally normalized to patient’s body weight. However, since adipose tissue contributes 

very little to FDG uptake, the SUV for obese patients often underrepresents true tracer 

signal, and can be better estimated using LBM. [4] Together, these studies demonstrate clear 

value of measuring body composition, rather than just height and weight, in an HNC 

population.

Evaluating body composition traditionally relies upon imaging modalities, such as dual-

energy x-ray absorptiometry (DEXA) abdominal CT or PET/CT scans, or whole-body MRI, 

which are not routinely performed in HNC patients. For those HNC patients with abdominal 

imaging, derivation of LBM requires the implementation of non-standard image processing 

and analysis into physician workflow. Methods for estimating body composition using 

routinely collected clinical data are then preferred. Over the past 50 years, three 

mathematical formulae were developed to estimate LBM using body weight (kg) and height 

(cm), which are routinely recorded in the clinical setting.[5–7] This method is simple, non-

invasive, inexpensive, and does not involve additional radiation exposure. Therefore, 

formula-based LBM assessment pre- and post-therapy is a potentially useful metric for an 

important correlate of clinically meaningful outcomes. However, as all three methods 
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predate CT-based lean mass measures, validation of these formulae are required prior to 

clinical implementation.

Consequently, in order to determine the utility of height and weight-based LBM estimation, 

we have sought to perform a method comparison study of these three body composition 

formulae, using CT body composition analysis as a gold standard reference. Our goal is to 

determine whether formula-based body composition assessment is sufficient as standard 

practice in the initial work-up and post-therapy surveillance of HNC patients, using 

retrospective assessment of imaging and clinical parameters from previously treated patients.

Materials and Methods

Population Cohort and Data Acquisition

This retrospective, single center study included 215 adult patients with pathologic proven 

diagnosis of HNC, referred to the MD Anderson Cancer Center radiation oncology clinics 

for radiation treatment between October 2003 and August 2013. The Institutional Review 

Board at MD Anderson Cancer Center approved this study. Patients were selected for 

analysis if they had non-contrast CT imaging of the lumbar vertebrae, including the CT-

component of whole body PET-CT scans, and/or abdominal CT scans. Age, anatomic 

subsite of primary disease, sex, body weight (before and after radiotherapy), height, and 

clinical staging were obtained. Body weight was assessed at the same day of CT acquisition 

for all included patients. Cancer stage was based on the American Joint Committee on 

Cancer (7th Edition) stage groupings I, II, III, and IV. LBM and FM were assessed 

quantitatively using cross-sectional imaging on CT in PET/CT or CT whole abdomen before 

and after radiation treatment using the method proposed by Martin et al. [8] Skeletal muscle 

and adipose tissue were contoured by a single attending radiation oncologist [SC] with five 

years of clinical experience and reviewed by an attending radiation oncologist [CDF] with 

seven years of experience, using a commercial image processing/treatment planning 

platform (Pinnacle 9.6, Phillips Medical Systems, Andover, MA).

CT Image Analysis

For most patients, 120 kVp, 290 mA axial CT images were obtained and reconstructed at 

3.25-mm slice thickness without image enhancement. For each scan, three adjacent axial 

image slices were selected for each patient at the third lumbar vertebral level.[2, 8–10] 

Skeletal muscle and adipose tissue cross sectional area were initially auto-segmented using 

the following Hounsfield unit (HU) parameters: for skeletal muscle segmentation, a range of 

−29 to 150 HU[10] was used, while for fat tissue an HU range of −190 to −30[11, 12] was 

quantified. The contours were corrected manually, when appropriate, after auto-

segmentation. For skeletal muscle, intra-abdominal muscles segmented included the rectus 

abdominis, lateral and oblique abdominal, iliopsoas, and paraspinal (quadratus lumborum, 

erector spinae) muscle groups. For adipose tissue, we contoured intra-abdominal and 

subcutaneous adipose tissue depots, again using auto-segmentation with manual correction 

(Figure 1). Cross-sectional area (cm2) of muscle and fat tissue were normalized for height in 

meters squared (m2), and reported as skeletal muscle (SMI) [2, 8, 9] and adipose tissue 

indices (ADI),[13] respectively.
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Body Composition Methodology

CT calculations—Gold standard reference values for pre- and post-treatment LBM and fat 

mass (FM) were estimated from skeletal muscle and adipose cross-sectional area (cm2) at 

the third lumbar vertebra using the formulae described by Mourtzakis et al. [9, 14]. This 

LBM calculation closely approximates total body fat-free mass (FFM), including bone, with 

a standard error of < 1.2 [9].

Height- and weight-based LBM/FM calculations—Pre-treatment and post-treatment 

LBM were calculated using the body weight (kg) and height (cm) of each patient, measured 

at the time of imaging. The calculations for each formula, by sex, are as follows:

The Hume Formula: [5]

Boer Formula: [6]

James Formula [7]

Statistical and analysis

Data were tabulated and summarized by sex using standard measures of central tendency 

(mean and SD). Method comparison/calibration was illustrated using the Krouwer[15] 

variant of Bland-Altman plot[16] comparing LBM as calculated by each of the listed height-

weight formulae with LBMCT, for pre- and post- radiotherapy time points. The Krouwer-

variant Bland-Altman analysis illustrates measurement method agreement in the cases when 

an established ‘gold-standard’ has been identified (in this case, we used LBMCT as a 

reference standard). It consists of a graphic plot of the difference between paired measures 

on the ordinate axis, plotted against the reference method on the abscissa. The technique 

calculates a limit of agreement (LOA), (i.e. ±1.96 times the standard deviation of the 

differences), which when plotted relative to the mean, graphically describes the range within 

which 95% of 1all differences between measurement methods may be expected to fall. 
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Simultaneously, measurement error bias components were illustrated with systematic bias 

estimate (SBE) (i.e. mean difference of each paired measure) and random bias estimation 

(RBE) (i.e. standard deviation of the difference between paired measurements).

After confirmation of distributional normality using the Shapiro-Wilks test[17], comparison 

of each formula data to CT data was performed using Dunnett’s test[18], in order to account 

for multiple comparisons of paired t-tests between each height-weight formula against a 

reference CT gold-standard. We performed post-hoc assessment of clinical equivalence 

using a two one-sided test (TOST) procedure[19, 20], whereby we compared each formula 

to CT-based LBM assessment to determine whether differences in LBM could be reasonably 

expected to fall within an arbitrarily physician-defined “clinically meaningful lean body 

mass measurement error difference” of ± 5 kg.

Correlation between pre- and post-treatment body weight, LBM, and BMI was assessed with 

linear regression. All statistical analyses were performed with JMP Pro11 software (SAS 

Institute, Cary, NC, USA). A non-Bonferroni corrected p-value of 0.05 was deemed 

statistically significant in this exploratory dataset.

Results

Patient baseline and treatment related characteristics

Data was extracted from a total of 215 HNC patients in this study. Patient and tumor 

characteristics are shown in Table 1. Most of the patients were men (85.5%). One hundred 

and fifty-six of 215 patients (73%) had tumors arising in the oropharynx, with the most 

common sites being the base of the tongue (51%) and tonsil (43%). One hundred and thirty 

patients (61%) received concurrent chemotherapy; 98% of these patients had platinum-based 

chemotherapy. The remaining 85 patients (39%) received radiation therapy alone. Twenty-

eight patients (13%) had postoperative radiation therapy. Mean radiation dose was 68.66 Gy 

(range of 56–72 Gy) in 28–40 fractions.

Changes in body composition following radiation therapy

Mean post-treatment BW was reduced by 11% in men and 10% in women. Mean 

pretreatment BMI was 28.5 ± 4.9 kg/m2 in men and 27.8 ± 8 kg/m2 in women. Mean post-

treatment BMI were 26.2 ± 4.4 kg/m2 in men, 26 ± 7.5 kg/m2 in women. All of the mean 

BMI were classified as overweight according to the International Classification of BMI from 

WHO[21] criteria of overweight for the United States [22]. Both of the guidelines 

demonstrate the principal cut-off BMI for obesity is ≥ 30 kg/m2. Seventy-four patients 

(34%) in the pre-treatment population had obesity while only 44 patients (20%) remained 

obese post-treatment. Quantitative body composition measurements of pre- and post-

radiation therapy from CT image analysis are shown in Table 2 and from the height-/weight-

based mathematical formulae are shown in Table 3.

SMI post-treatment was reduced 12.65% and 4.22% in men and women, respectively (p<.

0001 for men and p=0.3 for women). Post-treatment mean ADI was reduced by 29.24% in 

men and by 20.64% in women (p<.0001 for men and p=0.1 for women). Mean LBM 

dropped significantly post-treatment compared to pre-treatment for men (58.1 ± 9.8 to 51.5 
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± 8.4; p<0.0001) but didn’t reach statistical significance in women (37.8 ± 6.35 to 36.0 

± 6.9; p=0.3). Additionally, mean FM dropped in both men and women after treatment (27.7 

± 7.3 to 22.9 ± 5.9; p<0.0001 for men) and (26.8±9.7 to 23.4±9.1; p=0.1 for women).

Comparison of body composition estimates

Bland-Altman assessment is shown graphically in Figure 2, for both pre- and post-therapy 

LBM. Cumulative measurement error, described via calculated 95% LOA method. The 

overall 95% LOA for the Boer, Hume, and James was ±12.5, ±13.2, and ±13.0, respectively. 

The 95% LOA for pre-therapy assessment was fairly consistent at ±13.0, ±13.9, and ±12.9 

kg, while the post-therapy assessment was ±11.7, ±12.0, and ±12.7 kg for the Boer, Hume, 

and James formulae, respectively. Over the course of therapy, systematic measurement error 

increased, as measured by systematic bias estimate; details for all calculated Bland-Altman 

analyses are included in Table 4.

Table 3 shows pre- and post-treatment LBM formula estimates compared to CT. All pre- and 

post-treatment LBM calculated using the three different tested formulae were significantly 

higher than calculated with CT (p<0.0001) as shown in Figure 3; except for the pre-

treatment eLBMHume that was not statistically different LBMCT (p<0.15).

In order to ensure that the difference between height-weight formulae was clinically 

meaningful, (in addition to statistically meaningful), we confirmed our findings using post 
hoc practical equivalence testing. We determined that a difference of ±5 kg from the gold 

standard might be considered clinically acceptable for use of a height-weight formula. As 

with our initial assessment using Dunnett’s test, only the Hume formula pre-therapy was 

found to be functionally equivalent, with an observed mean difference of 1.8 kg, compared 

to 5.9 kg for both the James and Boer formulae; no formula could be considered practically 

equivalent within a clinically usable range post-therapy.

Discussion

While evaluation using DEXA scan or CT-based methods remains the reference objective 

standard for body composition assessment, several widely used population-based estimators 

(e.g. the Boer, James, and Hume formulae) present attractive and simple alternatives when 

access or costs prohibit direct imaging assessment. We sought to determine whether any of 

the widely used population-based body composition estimators could approximate CT-based 

“gold standard” estimates of LBM. [8, 23] Although many patients have staging whole body 

PET-CT, routine abdominal imaging is not performed as a part of NCCN Guidelines [24], 

and is not part of clinical practice at our facility. Furthermore, post-therapy, imaging is only 

performed as clinically indicated. However, cachexia assessment and clinical nutrition 

management could benefit greatly from routine body composition monitoring, and it would 

be especially convenient if this could be done using a simple formula. Unfortunately, our 

study demonstrates that the tested estimates of LBM using BW and height formulae fail to 

adequately approximate objective CT-based assessment in our head and neck population. 

Consequently, while these formulae may perform accurately in other populations, for head 

and neck cancer patients direct body composition measurement of LBM should be 

performed.
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That height- and weight-based estimators cannot substitute for imaging assessment of body 

composition is not surprising. The prevalence of obesity has been steadily rising since the 

1960s, when the first of the three evaluated formulae was developed. [25, 26] In the context 

of changing population demographics and anthropometrics, the relationship between height, 

weight, muscle mass and adiposity will not remain constant. Several recent studies have 

shown that BMI, an aggregate measure of height and weight, is a poor predictor of 

underlying muscle mass, particularly in obese populations. [8] Indeed, these studies also 

warn against using high BMI as a reassuring factor regarding nutritional status, as patients 

with obesity and low muscle mass (sarcopenic obesity) exhibit worsened survival compared 

to non-obese or non-sarcopenic cohorts. [2] In this study 34% of the patients met criteria for 

obesity at the time of pre-treatment imaging, whereas only 20% met criteria after treatment. 

This drop in obesity rate under the conditions of curative-intent oncologic treatment clearly 

does not indicate improved metabolic health, again illustrating the inadequacy of BMI to 

adequately reflect nutritional status. Although each of these studies uses SMI (normalized 

cross-sectional area) to identify patients with low skeletal muscle, LBM estimation is 

proportional to SMI and provides additional information that can be used for both 

medication dosing and PET interpretation.

In head and neck oncology, body weight, weight loss, and body composition have a unique 

role. This is because the local toxicities of treatment and tumor can dramatically impact 

nutritional status in the pre-treatment and therapeutic contexts, causing flux in what is often 

a stable anthropometric variable. Weight is often followed throughout therapy, as a proxy of 

nutritional status. However, the prognostic value of weight loss during treatment is 

equivocal, at best, in light of contrasting reports. [3, 27, 28] Although these differences may 

reflect the populations studied, there remains no clear association between weight loss and 

survival. The pharmacodynamics, and thus, toxicities, of systemic agents used in HNC is 

generally based on weight, or, more commonly, surface area. Although each may change 

significantly during treatment, FFM may vary considerably less, leading to changes in 

effective drug distribution. Furthermore, recent data from our group found that patients with 

low SMI on presentation who required a feeding tube during radiation treatment were at 

greater risk of death than patients with normal muscle mass, identifying a uniquely high risk 

population. [3] Therefore, to reveal significant malnutrition, appropriately dose 

chemotherapy, and identify high risk patients, a feasible and reliable LBM assessment 

method for rapid clinical implementation is of significant interest.

A recent study reported that bioelectrical impedance analysis (BIA) can be used to assess 

body composition in head and neck cancer patients. This method, which is widely-used, 

non-invasive, inexpensive, and feasible, is based on impedance of a low-voltage current 

passing through the body which can then be used to calculate an estimate of total body water 

(TBW). TBW can then be used to estimate FFM, by comparison with BW and body fat. 

Thus BIA may provide an acceptable alternative tool for assessment of FFM in clinical 

practice, but must first be validated longitudinally and within dehydrated populations.[29] 

Our group is currently prospectively evaluating this approach.

Despite these findings, our study presents several limitations. Due to its retrospective nature 

and single institution design, the standard caveats apply. This study applied to images 
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acquired between 2003 and 2013, so there is variability in quality of the imaging, which may 

affect skeletal muscle mass contouring and adipose tissue mass segmentation. Moreover, the 

pre- and post-treatment cross-sectional imaging at the same level (mid- L3 vertebral) showed 

differing locations of the intra-abdominal organs (e.g. kidney, bowel) on different scans 

based on patient position. Thus, skeletal muscle and adipose tissue were also contoured at 

the L4-L5 vertebral level for an internal quality control comparison, with approximately 

equivalent results. Also, the formulae used in this study to estimate LBM and FM are not the 

only ones that have been generated in the literature. For example, Shen et al. describe 

equations based on a larger, albeit non-oncologic, study cohort. [30]

Our study, however, is the first, to our knowledge, to rigorously evaluate the utility of height- 

and weight-based formulae for assessment of LBM against a quantitative imaging gold-

standard using CT data. Additionally, our data represents the single largest quantitative 

imaging evaluation of pre-and post-radiotherapy LBM alteration in head and neck cancer 

patients. Consequently, this study offers important inferences. Namely, LBM estimation for 

head and neck cancer patients, especially post-therapy, should be performed using image-

based assessment, otherwise measurement error of >10 kg should be presupposed (Figure 2; 

Table 3). Our data also show substantial differentials in body composition pre- and post-

therapy (Table 2), and serve as a benchmark for future efforts to assess and address 

nutritional and disease-associated processes contributing to these alterations.

In conclusion, in this study we demonstrated that HNC patients lose a significant amount of 

LBM and adipose tissue mass while undergoing radiation therapy. Furthermore, clinical 

height- and weight-based formulae are not sufficient for body mass quantification and 

should not substitute CT-based assessment in head and neck cancer patients undergoing 

radiotherapy. Therefore, we recommend routine use of quantitative imaging (e.g. CT body 

composition or DEXA analysis) in head and neck cancer patients, especially in those prone 

to changes in nutritional status, as opposed to general population-based height-weight 

formulae.
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Highlights

• Head and neck cancer (HNC) patients lose a significant amount of lean 

body mass and adipose tissue mass while undergoing radiation therapy 

(P<0.0001 for both).

• All pre- and post-treatment lean body mass calculated using the three 

different tested formulae were significantly higher than calculated with 

CT (p<0.0001); except for the pre-treatment Hume formula was not 

statistically different than CT (p<0.15).

• Clinical height- and weight-based formulae are not sufficient for the 

evaluation of body composition and should not substitute CT-based 

assessment in HNC patients undergoing radiotherapy.
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Figure 1. 
Pre- and post-treatment axial Computed Tomography (CT) image at the level of the third 

lumbar vertebra. The upper panel (a,b) shows the skeletal muscle mass highlighted in green 

(−29 to 150 Hounsfield units) while the lower panel (c,d) shows the adipose tissue mass 

highlighted in yellow (−190 to −30 Hounsfield units)
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Figure 2. 
Method calibration plots of pre- and post-therapy Boer (a,b), Hume (c,d), and James (e,f) 

plots of lean body mass (LBM), in kg. Shown are systematic bias estimate (SBE, solid red 

line), random bias estimate (RBE, dashed green line), 95% limits of agreement (LOA, 

dashed blue line) and identity line (dashed black line).
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Figure 3. 
Comparison box plots between the three mathematical formula and CT analysis using 

Dunnett’s test for controls with CT as a gold-standard reference a) Pretreatment LBM b) 

Post-treatment LBM.
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Table 1

Patient and Tumor Characteristics.

Characteristics of pts. Datum

Total no. of pts. (pts.) 215

Male 184 (85.6%)

Female 31 (14.4%)

Age (years) 57.21 ± 9.79 (range 27–91)

Height (cm.) 173.55 ± 8.96 (range 146–205.7)

Body weight (kg) 85.7 ± 18.1

Body mass index (kg/m2) 28.41 ± 5.46

Site of malignancy

Oral cavity 8 (3.7%)

Oropharynx 156 (72.6%)

Hyopopharynx 12 (5.6%)

Larynx 24 (11.1%)

Nasopharynx 6 (2.8%)

CUPa 6 (2.8%)

Sinus 3 (1.4%)

T category

T0 6 (2.8%)

T1 38 (17.7%)

T2 65 (30.2%)

T3 61 (28.3%)

T4 45 (20.9%)

N category

N0 25 (11.6%)

N1 23 (10.1%)

N2 150 (70.4%)

N3 17 (7.9%)

Stage

I 4 (1.9%)

II 5 (2.3%)

III 31 (14.4%)

IVA 156 (72.6%)

IVB 19 (8.8%)

Histology

Squamous cell 215 (100%)

Feeding Tube

Yes 118 (54.88%)
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Characteristics of pts. Datum

No 95 (44.19%)

NA 2 (0.93%)

Treatment Datum

Chemotherapy

Yes 130 (60.5%)

No 85 (39.5%)

Radiation Therapy

Mean Radiation dose (Gy) 68.66

No. of fraction (F) 33.35

a
CUP = cancer of unknown primary
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Table 3

Estimated Lean Body Mass (eLBM) by Composition Methodology.

Data Pretreatment (kg) Post-treatment (kg)

Mean Range Mean Range

LBMCT 55.21 ± 11.84 26.70–84.07 49.27 ± 9.84 25.87–77.38

eLBMHume 57.00 ± 8.33 32.42–80.81 54.76 ± 7.72 31.77–70.17

eLBMBoer 61.02 ± 9.69 33.25–89.21 58.32 ± 8.79 32.70–76.98

eLBMJames 61.10 ± 9.65 35.99–80.86 58.65 ± 9.29 34.40–76.47
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Table 4

Bland-Altman calculated systematic (SBE), random (RBE), and cumulative error estimators (95% LOA), for 

each height-weight formula, compared to CT, by time cohort.

Measurement method Cohort SBE
(Mean of difference vs. CT)

RBE
(±SD of difference vs. CT)

95% LOA
(±1.96xSD of difference vs. CT)

Boer All −7.1 ±6.4 ±12.5

Pre-therapy −6.0 ±6.6 ±13.0

Post-therapy −8.2 ±5.9 ±11.7

Hume All −3.4 ±6.7 ±13.2

Pre-therapy −2.0 ±7.1 ±13.9

Post-therapy −4.8 ±6.1 ±12.0

James All −7.2 ±6.6 ±13.0

Pre-therapy −6.0 ±6.6 ±12.9

Post-therapy −8.5 ±6.5 ±12.7
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