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Abbreviations 
ASI: arterial stiffness index 

AD: aortic distensibility 
BMI: body mass index 

CI: confidence interval 
CMR: cardiovascular magnetic resonance 

LV: left ventricle 
RV: right ventricle 

NHS: national health service 
ROI: region of interest 

SI: signal intensity 
TMAO: trimethylamine N-oxide  
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Abstract 3 
Background: Greater red and processed meat consumption has been linked to adverse 4 
cardiovascular outcomes. However, the impact of these exposures on cardiovascular 5 
magnetic resonance (CMR) phenotypes has not been adequately studied. 6 

 7 
Objective: We describe novel associations of meat intake with cardiovascular phenotypes 8 
and investigate underlying mechanisms through consideration of a range of covariates. 9 
 10 
Design: We studied 19,408 UK Biobank participants with CMR. Average daily red and 11 
processed meat consumption was determined through food frequency questionnaires and , 12 
expressed as a continuous variable. Oily fish was studied as a comparator associated with 13 
favourable cardiac outcomes. We considered associations with conventional CMR indices 14 
(ventricular volumes, ejection fraction, stroke volume, left ventricular mass,), novel CMR 15 
radiomics features (shape, first-order, texture), and arterial compliance measures (arterial 16 
stiffness index, aortic distensibility). We used multivariable linear regression to investigate 17 
relationships between meat intake and cardiovascular phenotypes, adjusting for confounders 18 
(age, sex, social deprivation, educational level, smoking, alcohol intake, exercise) and 19 
potential covariates on the causal pathway (hypertension, hypercholesterolaemia, diabetes, 20 
body mass index). 21 
 22 
Results: Greater red and processed meat consumption was associated with an unhealthy 23 
pattern of biventricular remodelling, worse cardiac function, and poorer arterial compliance. 24 
In contrast, greater oily fish consumption was associated with a healthier cardiovascular 25 
phenotype and better arterial compliance. There was partial attenuation of associations 26 
between red meat and conventional CMR indices with addition of covariates potentially on 27 
the causal pathway, indicating a possible mechanistic role for these cardiometabolic 28 
morbidities. However, other relationships were not altered with inclusion of these covariates 29 
suggesting importance of alternative biological mechanisms underlying these relationships. 30 
Radiomics analysis provided deeper phenotyping, demonstrating association of the different 31 
dietary habits with distinct ventricular geometry and left ventricular myocardial texture 32 
patterns.  33 
 34 
Conclusions: Greater red and processed meat consumption is associated with impaired 35 
cardiovascular health, both in terms of markers of arterial disease and of cardiac structure and 36 
function. Cardiometabolic morbidities appeared to have a mechanistic role in the associations 37 
of red meat with ventricular phenotypes, but less so for other associations suggesting 38 
importance of alternative mechanism for these relationships. 39 
 40 
Key words: cardiovascular magnetic resonance; radiomics; cardiovascular disease; diet; red 41 
meat; processed meat; fish; population health  42 
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Introduction 43 
Multiple epidemiological studies have demonstrated associations between greater meat 44 
consumption and worse cardiovascular outcomes(1–4). In particular, higher red and 45 
processed meat intake has been associated with greater burden of atherosclerosis(5), 46 
increased risk of incident ischaemic cardiovascular events(6), and heart failure(7). 47 
Furthermore, murine studies link greater red meat consumption with pathological ventricular 48 
remodelling and heart failure phenotypes(8).  49 
 50 
It has been proposed, that these relationships may be mediated through adverse 51 
cardiometabolic alterations(9,10). More recently, evidence has emerged for novel causal 52 
pathways relating to cross-system interactions with the gut microbiome(11). 53 
 54 
We studied novel associations between red and processed meat consumption and measures of 55 
cardiovascular structure and function in the UK Biobank, including conventional 56 
cardiovascular magnetic resonance (CMR) metrics, novel CMR radiomics features, and 57 
measures of arterial compliance. We considered associations between oily fish intake as a 58 
comparator previously linked with favourable cardiovascular endpoints(6). We considered a 59 
wide range of confounder, including covariates that may lie on the causal pathway.  60 
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Methods 61 
Setting and study population 62 
The UK Biobank is a cohort study of over 500,000 participants. Recruitment was between 63 
2006-2010 through postal invite of UK residents aged 40-69 years identified through 64 
National Health Service (NHS) registers. Individuals who were unable to consent or complete 65 
baseline assessment due to illness or discomfort were not recruited. Baseline assessment of 66 
participants comprised characterisation of socio-demographics, lifestyle, environmental 67 
factors, medical history, and a range of physical measures(12). The protocol is publicly 68 
available(13). The UK Biobank imaging study, which includes detailed CMR imaging, was 69 
launched in 2015 and aims to scan a random subset of 100,000 participants (approximately 70 
50,000 completed, March 2021)(14). 71 
 72 

Ethics 73 
This study complies with the Declaration of Helsinki; the work was covered by the ethical 74 
approval for UK Biobank studies from the NHS National Research Ethics Service on 17th 75 
June 2011 (Ref 11/NW/0382) and extended on 10th May 2016 (Ref 16/NW/0274) with 76 
written informed consent obtained from all participants. 77 
 78 

Definition of meat consumption variables 79 
Dietary intake was assessed using a self-report food frequency questionnaire at the baseline 80 
UK Biobank visit. Participants were asked to estimate their weekly intake of a range of food 81 
items over the preceding year. We considered beef, pork, lamb/mutton, processed meat, and 82 
oily fish consumption (Supplementary Table 1). We considered each type of red meat 83 
separately (beef, lamb/mutton, pork) and also as a composite category of ‘unprocessed red 84 
meat’. Processed meat included products such as bacon, ham, sausages, meat pies, kebabs, 85 
and burgers. Reported portion frequencies were converted into probabilities of daily 86 
consumption and multiplied by standard portion sizes(15) to derive average daily 87 
consumption in grams. Thus, we were able to consider the meat exposures as continuous 88 
variables, as has been published previously using this dataset(16). 89 
 90 

Measures of cardiac structure and function 91 
Conventional CMR indices 92 
CMR scans were performed in dedicated UK Biobank imaging centres using 1.5 Tesla 93 
scanners (MAGNETOM Aera, Syngo Platform VD13A, Siemens Healthcare, Erlangen, 94 
Germany) according to a pre-defined acquisition protocol, which is detailed in a separate 95 
publication(17). Assessment of the left and right ventricles (LV, RV) included a complete 96 
short axis stack acquired using balanced steady-state free precession sequences. The first 97 
5,000 CMR scans were manually analysed according to a pre-defined segmentation 98 
protocol(18) using CVI42â post-processing software (Version 5.1.1, Circle Cardiovascular 99 
Imaging Inc., Calgary, Canada). Briefly, LV endocardial and epicardial borders were 100 
manually contoured in end-diastole and end-systole in the short axis view. The first phase of 101 
acquisition was selected as end-diastole. End-systole was defined as the phase with the 102 
smallest mid-ventricular LV intra-cavity blood pool as determined by visual inspection. The 103 
most basal slice for the LV was selected when at least half of the LV blood pool was 104 
surrounded by myocardium. LV papillary muscles were excluded from LV mass. RV 105 
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endocardial borders were traced in end-diastole and end-systole with volumes below the 106 
pulmonary valve plane considered as part of the RV. This ground truth manual analysis 107 
dataset was used to develop a fully automated image analysis pipeline with inbuilt quality 108 
control, which has been applied to the first 20,000 UK Biobank CMR studies(19). Details of 109 
reproducibility performance of the automated algorithm are available in a dedicated 110 
publication(18,19). For the present analysis, data was available from 19,408 CMR studies, 111 
including the following metrics: LV and RV volumes in end-diastole and end-systole, LV 112 
and RV ejection fraction, LV and RV stroke volume, and LV mass. 113 

 114 
Novel CMR radiomics features 115 
CMR radiomics is a novel image analysis technique permitting computation of multiple 116 
indices of shape and texture(20). Radiomics features provide information that is 117 
complementary and potentially incremental to conventional CMR indices(20). We used 118 
contours from conventional CMR analysis, with image segmentation as described above, on 119 
short axis cine images(19) to define three regions of interest for radiomics analysis in end-120 
diastole and end-systole: RV cavity, LV cavity, and LV myocardium. We extracted shape 121 
features from the RV and LV cavity ROIs. From the LV myocardium, we extracted first 122 
order and texture radiomics features. Radiomics features were extracted using the 123 
PyRadiomics open source platform(21). The full list of radiomics features extracted is 124 
presented in Supplementary Table 2. To reduce variation of image signal intensities relating 125 
to the acquisition process, we performed intensity normalisation of CMR images through 126 
histogram matching, using as reference one of the studies from the dataset(22). For grey level 127 
discretisation, we used a fixed bin width of 25 intensity values.  128 
 129 

Measures of arterial compliance 130 
Aortic distensibility 131 
Aortic distensibility is a measure of local aortic compliance. Lower aortic distensibility 132 
indicates poorer vascular health and is a marker of arterial disease(23). Aortic distensibility 133 
may be estimated by considering the relative cross-sectional area change of the thoracic aorta 134 
from diastole to systole on transverse cine CMR images(24). In previous work, we derived 135 
aortic distensibility using data generated from a fully automated image analysis pipeline 136 
applied to the first 20,000 UK Biobank CMR studies, details of the automated pipeline are 137 
presented in a separate publication(25). 138 
 139 

Arterial stiffness index  140 
Arterial stiffness index (ASI) provides an estimate of large artery stiffness derived from a 141 
pulse waveform contour(23). Higher ASI indicates lower arterial compliance and is 142 
associated with poorer cardiovascular, in particular ischaemic, outcomes(23,26). ASI was 143 
measured at both baseline and imaging visits using finger photoplethysmography with the 144 
PulseTrace PCA2 (CareFusion, USA) device, according to a standardised protocol(27). 145 

 146 
Statistical analysis  147 
Statistical analysis was performed using R Version 3·6·2(28) and RStudio Version 148 
1·2·5019(29). We estimated the association of the dietary intake exposures with 149 
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cardiovascular metrics in individual multivariable linear regression models. To allow 150 
derivation of easily assimilated effect sizes, we report change in cardiovascular metric per 151 
100g increase in daily meat consumption alongside corresponding 95% confidence intervals 152 
(CIs) and p-values. For ASI, we assessed associations with measures taken at both baseline 153 
and imaging visits. We identified significant interval change in ASI from baseline to imaging. 154 
Therefore, we also considered “change in ASI” as a separate outcome, expressed using 155 
standardised residuals derived from regression of ASI at imaging on ASI at baseline. The 156 
average time interval between baseline and imaging assessment was 7.5 years in the CMR set 157 
and 8.2 years in the ASI set. 158 
 159 
In order to compare the magnitude of change across different radiomics features, prior to 160 
regression analysis, we performed z-score normalisation of the features. This resulted in 161 
calculation of standardised beta coefficients per 100g daily increase in meat/fish intake. As the 162 
number of texture features extracted from the LV myocardium was large (n=144), we 163 
performed cluster analysis (Figure 1) to group inter-related features(30). We hierarchically 164 
clustered features using complete linkage on Pearson correlation distance between features. 165 
We determined the optimal number of clusters by computing the average silhouette, a measure 166 
of cluster consistency using the cluster package in R(30). The silhouette statistic reflects the 167 
average distance between data points in the same cluster compared against average data points 168 
in other clusters and allows judgement of the optimal number of clusters within a sample, such 169 
that distance between datapoints within clusters are minimised whilst maximising distance with 170 
datapoints from other clusters. We computed average silhouette statistic for 2 to 10 clusters. 171 
Maximum silhouette statistic was observed with 7 and 8 clusters. Hence, we take 7 clusters as 172 
representing the optimal number of clusters within our samples (Figure 1). We assigned 173 
descriptive names to each cluster based on properties represented by its constituent features. 174 
Thus, for the texture features, we present the mean beta-coefficient and 95% CIs for each 175 
cluster for the different meat/fish exposures. We compare effects between exposure categories 176 
through testing for the difference in mean beta coefficients using Kruskal-Wallis statistical testing 177 
followed by Dunn’s correction for multiple comparisons. As radiomics is a relatively new approach, 178 
we provide a brief guide to radiomics and specific guidance on interpretation of results from this 179 
analysis in Appendix II.  180 
 181 
We selected covariates based on association with both exposure and outcome in preliminary 182 
analyses and existing literature (Figure 2). We adjust for potential confounders (age, sex, 183 
material deprivation, education, smoking, alcohol intake, exercise) in our main models to 184 
estimate the magnitude of the exposure-outcome associations. We identified hypertension, 185 
hypercholesterolaemia, diabetes, and body mass index (BMI) as covariates potentially on the 186 
causal pathway (Figure 2). To test the impact of these variables, we estimated associations 187 
with additional inclusion of these factors in the models, with the expectation that covariates 188 
on the causal pathway would attenuate exposure-outcome associations. 189 
 190 
Educational level, smoking status, and alcohol intake frequency were based on self-report. 191 
Material deprivation is reported as the Townsend index, a measure of deprivation relative to 192 
national averages.(31). A continuous value for the amount of physical activity measured in 193 
metabolic equivalent (MET) minutes/week was calculated by weighting different types of 194 
activity (walking, moderate or vigorous) by its energy requirements using values derived 195 
from the International Physical Activity Questionnaire (IPAQ) study(32). BMI was 196 
calculated from height and weight. Diabetes was ascertained from self-report of the 197 
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diagnosis, self-reported use of “medication for diabetes”, or serum glycosylated haemoglobin 198 
>48mmol/mol. Hypertension was coded based on self-report of the diagnosis or self-reported 199 
use of “medication for high blood pressure”. Hypercholesterolaemia was coded based on self-200 
report of the diagnosis, self-reported use of “medication for high cholesterol”, or serum total 201 
cholesterol >7mmol/L. 202 
 203 

  204 
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Results 205 

Baseline population characteristics 206 

CMR data was available for 19,408 participants. Mean age was 55·0 (±7·5) years, 52·1% 207 
were women (Table 1). The majority 97% (n= 18,810) were of White ethnic background; 208 
Black, Asian, and Other ethnicities made up 0.5%, 1.0%, and 1.5% of the analysis sample 209 
respectively. The cohort was predominantly healthy, with only 5.5% (n=1,062) having a 210 
history of pre-existing cardiovascular disease (ischaemic and non-ischaemic heart diseases, 211 
valvular heart disease, significant arrhythmias). The rates of cardiometabolic morbidities 212 
were also lower than the general population, in line with previous analyses of the UK 213 
Biobank(33,34). The prevalence of hypertension, hypercholesterolaemia, diabetes, and 214 
smoking were 13·9%, 23·0%, 3·1%, and 6·4% respectively. Average red meat intake 215 
(lamb/mutton, beef, and pork combined) was 22·3 (±15·2) grams/day; beef was the most 216 
frequently eaten of the red meat types. Average intake of processed meat and oily fish were 217 
15·7 (±15·0) grams/day and 11·7 (±10·8) grams/day respectively. 218 

 219 

Association of meat and fish intake with conventional CMR indices 220 
Greater consumption of red and processed meat was associated with smaller LV volumes in 221 
end-diastole and end-systole, higher LV mass, and lower LV stroke volume (Table 2). 222 
Greater oily fish consumption was associated with larger LV volumes in end-diastole and 223 
end-systole, greater LV mass, and higher LV stroke volume (Table 2). The same pattern of 224 
remodelling was observed in the RV, with greater red and processed meat intake linked to 225 
smaller ventricular volumes and lower stroke volume, whilst greater oily fish consumption 226 
was associated with larger cavity volumes and higher stroke volume (Supplementary Table 227 
3). These relationships were consistent across the different red meat types for both the LV 228 
and RV indices (Supplementary Table 3). There was attenuation of associations between 229 
unprocessed red meat with all CMR indices other than LV mass with addition of 230 
cardiometabolic covariates, whilst associations with processed meat and oily fish remained 231 
largely unchanged (Supplementary Table 4). 232 
 233 

Association of meat and fish intake with LV and RV radiomics shape features 234 
13 radiomics shape features were extracted from each ventricle (LV and RV) in end-diastole 235 
and end-systole. Greater oily fish consumption was associated with significantly larger LV 236 
volumes, larger cavity dimensions in both the short and long axis, and greater surface area of 237 
the LV cavity (Figure 3, Figure 6). Interpreted in conjunction with the previously observed 238 
association with higher LV stroke volume (indicating better myocardial function), these 239 
findings are in keeping with healthy cardiac structure and function. Greater red and processed 240 
meat intake were associated with lower “flatness” (values range between 1 (sphere-like) and 241 
0 (a flat object)), lower “elongation” (values range between 1 (non-elongated) and 0 (a 242 
maximally elongated object: i.e., a 1 dimensional line)), and lower “sphericity” (a 243 
dimensionless measure of the roundness of the ROI relative to a sphere. The value range 244 
is 0<sphericity≤1, where a value of 1 indicates a perfect sphere). Thus, greater red and 245 
processed meat intake is associated with a more elongated LV shape (Figure 3, Figure 6). In 246 
contrast, greater oily fish consumption showed trends toward greater elongation and flatness 247 
(not statistically significant) indicating a more spherical chamber.  248 

 249 
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Considering these relationships as well as association with lower LV stroke volume, the 250 
overall picture suggests that greater red and processed meat intake are associated with of an 251 
unhealthy LV phenotype with impaired myocardial contractility. The pattern of associations 252 
of cardiac structure and function metrics with greater oily fish intake is distinctly different to 253 
that of the meat exposures and, overall, suggestive of a healthy phenotype. 254 
 255 
The same pattern of associations was observed across the different red meat types in end-256 
diastole and end-systole (Supplementary Figure 1) and consistent associations were 257 
observed with RV shape radiomics (Supplementary figure 2). Results from individual 258 
associations between meat and fish exposures and LV and RV radiomics features in end-259 
diastole and end-systole are presented in Supplementary Tables 5-8.  260 
 261 

Association of meat and fish intake with LV myocardium radiomics first-order features  262 
First-order features are histogram-based statistics describing the global distribution of signal 263 
intensity values in the defined region and may signify global tissue-level myocardial 264 
changes(20). 18 radiomics first-order features were extracted from the LV myocardium in 265 
end-diastole and end-systole. The red/processed meat and fish exposures showed markedly 266 
different, often reverse, associations with radiomics first-order features (Figure 4, Figure 5). 267 
Greater red and processed meat consumption was associated with lower average intensity 268 
levels and less variation in signal intensity values (consistent across all relevant metrics, such 269 
as, lower mean, median, range, variance, entropy). The reverse of these trends was observed 270 
with greater oily fish consumption: higher average signal intensity level, greater range of 271 
intensity levels, higher number of extreme intensities (kurtosis), and greater randomness of 272 
intensity values (entropy). These associations appeared consistent across different meat types 273 
and in end-diastole and end-systole (Supplementary Figure 3). Thus, associations with the 274 
global pattern of signal intensities in the LV myocardium are very different between the meat 275 
and fish exposures. These findings suggest that these exposures may be associated with 276 
different (reverse) global pattern of alterations at the myocardial level. Results from 277 
individual associations between meat and fish exposures and LV myocardium first-order 278 
features in end-diastole and end-systole are presented in Supplementary Tables 9 and 10.  279 

 280 
Association of meat and fish intake with LV myocardium radiomics texture features 281 
Radiomics texture features allow quantification of the pattern of inter-voxel signal intensities. 282 
Applied to the LV myocardium, radiomics texture features may provide biologically 283 
informative quantifiers about underlying tissue properties. We extracted 72 texture features 284 
from the LV myocardium in end-diastole and end-systole (total 144 features per CMR study). 285 
Cluster analysis identified seven inter-correlated groups of features (Figure 1), to which we 286 
assigned descriptive terms based on the features within the cluster (Table 3). Comparison of 287 
mean effects in these clusters showed different effect sizes and directions of effect across the 288 
various meat exposures (Figure 5). Greater red meat consumption was associated with lower 289 
intensity levels, lower variation in intensity levels, less local heterogeneity, and less skewness 290 
in the distribution of signal intensity values (Figure 5, Figure 6). Greater oily fish 291 
consumption associated with greater local heterogeneity and greater skewness in the intensity 292 
level distribution. The pattern of associations of the meat and fish exposures with inter-voxel 293 
relationships were also different, suggesting potential different alterations at the myocardium. 294 
Results from individual associations between meat and fish exposures and individual LV 295 
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myocardium texture features in end-diastole and end-systole are presented in Supplementary 296 
Tables 11 and 12. 297 

 298 
Association of meat and fish intake with arterial compliance measures 299 
There was record of ASI at the baseline, imaging, and at both time points for 167,432 300 
(baseline characteristics: Supplementary Table 13), 30,474, and 10,436 participants 301 
respectively. For the latter group, we considered interval “change in ASI”. Higher intake of 302 
red and processed meat was associated with higher ASI, indicating greater vascular 303 
resistance, at both the baseline and imaging visits (Table 4, Figure 7). In addition, higher 304 
unprocessed red meat intake was associated with significantly greater interval increase in ASI 305 
from baseline to imaging (Table 4). In contrast, greater oily fish consumption was associated 306 
with lower ASI at both time points and with a smaller baseline to imaging interval increase in 307 
ASI (not statistically significant).  308 
 309 
Greater red and processed meat consumption was associated with lower aortic distensibility 310 
and greater oily fish consumption with higher aortic distensibility (not statistical significance, 311 
Table 4). Relationship with all arterial compliance outcomes were consistent across the three 312 
red meat groups (Supplementary Table 14) and broadly unchanged with adjustment for 313 
potential mediators (Supplementary Table 15).  314 
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Discussion 315 
Summary of findings 316 
In this study of 9,303 men and 10,105 women, greater red and processed meat consumption 317 
was associated with impaired cardiovascular health, both in terms of markers of arterial 318 
disease and of cardiac structure and function, in contrast, greater oily fish intake was linked 319 
with a healthy cardiovascular phenotype.  320 

 321 
Specifically, greater red and processed meat intake was associated with smaller ventricular 322 
volumes, poorer myocardial function (lower LV/RV stroke volume), and poorer arterial 323 
compliance (higher ASI, greater interval increases in ASI, lower aortic distensibility). By 324 
comparison, greater oily fish consumption was associated with larger LV and RV volumes, 325 
better myocardial function (higher LV/RV stroke volume), and better arterial health (lower 326 
ASI, smaller interval increases in ASI, higher aortic distensibility). There was evidence that 327 
cardiometabolic morbidities may have a mechanistic role in the associations of unprocessed 328 
red meat with ventricular phenotypes, but less so for other associations suggesting 329 
importance of alternative mechanism for these relationships. Radiomics analysis provided 330 
complementary and incremental information demonstrating association of the different 331 
dietary habits with distinct overall shape of the ventricles and LV myocardial texture. Greater 332 
oily fish consumption was associated with a less elongated LV (more spherical), whilst 333 
greater red and processed meat intake was associated with a more elongated LV. The 334 
different dietary habits were also associated with different patterns of associations with signal 335 
intensity based radiomics features (first-order, texture). Overall, greater red and processed 336 
meat intake was associated with lower average global signal intensity and a more 337 
homogenous signal intensity pattern both globally and when considering inter-pixel 338 
relationships. In contrast, greater oily fish consumption was associated with, on average, a 339 
brighter myocardium (global higher signal intensity), with greater range and variation in 340 
signal intensities, and greater randomness in the pattern of intensity levels. These findings 341 
indicate that meat and fish consumption are associated with different signal intensity patterns 342 
at LV myocardium, suggesting possible differences at the tissue level associated with the 343 
different exposures.  344 

 345 
Comparison with existing literature 346 
To the best of our knowledge, the specific impact of red or processed meat intake on CMR 347 
imaging phenotypes has not been previously studied. The association between a number of 348 
dietary patterns and CMR indices of cardiac structure and function have previously been 349 
addressed in two studies of the Multi-Ethnic Study of Atherosclerosis (MESA) cohort. These 350 
evaluated long-term effect on CMR measures of LV structure and function of two specific 351 
dietary patterns: Mediterranean(35) and the Dietary Approaches to Stop Hypertension 352 
(DASH)(36) diets, both of which associated with healthy cardiovascular phenotypes (larger 353 
cavity volumes, higher LV mass, higher stroke volume, higher ejection fraction). Limited 354 
further studies have focused on diet and cardiovascular structure assessed by 355 
echocardiography. Maugeri et al.(37) reported higher rates of concentric left ventricular 356 
hypertrophy in individuals following a ‘western’ dietary pattern. Similarly, Wagner et al.(38) 357 
documented associations between unhealthy dietary behaviours and higher LV mass. Haring 358 
et al.(5) report association of higher red and processed meat intake with poorer imaging 359 
indicators of arterial health (greater intima medial thickness and atherosclerotic burden on 360 
carotid ultrasound). Our findings corroborate existing evidence and contribute incremental 361 



 14 

knowledge by demonstrating detailed cardiac phenotypic indices associated with 362 
red/processed meat and oily fish consumption in the largest population to date, using both 363 
conventional and novel radiomics CMR measures and measures of vascular compliance.  364 
 365 
Existing literature suggests a number of possible explanations for the association between 366 
higher red meat consumption and cardiovascular disease. Firstly, these observed effects may 367 
be mediated through alterations of the cardiometabolic profile. Greater red and processed 368 
meat intake is linked to adverse lipid profiles(10), higher blood pressure(9), adverse body 369 
composition(39), and reduced insulin sensitivity(40). Interestingly, in our study, the observed 370 
effects on cardiovascular structure and function were not fully explained with adjustment for 371 
potential cardiometabolic mediators, suggesting a role for mechanistic pathways independent 372 
of these morbidities. Alternative disease pathways such as the gut microbiome dependent 373 
trimethylamine N-oxide (TMAO) pathway may play a role in this association: red meat 374 
intake, rich in carnitine, is known to increase both plasma and urine TMAO levels, by 375 
increased provision of the precursor, L-carnitine and reduced fractional renal TMOA 376 
excretion(41). TMAO has, in turn, been mechanistically associated with atherosclerotic 377 
disease(11). In our study, associations with arterial health were largely unchanged with 378 
additional adjustment for cardiometabolic mediators, suggesting that alternative pathways, 379 
such as the TMAO pathway, may be more important in mediating associations with arterial 380 
disease, whereas cardiometabolic factors are more important in driving relationships with 381 
cardiac health. The TMAO pathway may thus present potential novel therapeutic targets for 382 
targeting arterial disease. 383 

 384 
Strengths and limitations 385 
The large sample and detailed characterisation of participants including CMR scanning and 386 
objective measures of arterial health permitted a uniquely comprehensive assessment of the 387 
relationship between the various meat exposures and cardiovascular phenotypes with 388 
consideration of a range of confounders and mediators. The uniform scanning and analysis 389 
procedures presented a high-quality standardised dataset. Common to all nutritional 390 
epidemiology research, the measurement and tracking of dietary behaviours is extremely 391 
difficult. Our exposures are defined on the basis of a self-report food frequency questionnaire 392 
from a single time point, and thus do not account for potential changes in dietary behaviour 393 
over time. However, a formal evaluation of the performance of the UKB dietary 394 
questionnaire demonstrated good repeatability for the main food groups(42). Furthermore, as 395 
potential measurement error is likely to be non-differential across the spectrum of meat 396 
consumption and meat types, the risk of bias implied by this is low. The UK Biobank dietary 397 
questionnaire gathers information on dietary habits over the preceding 12 months. It is 398 
possible that duration of exposure to various healthy or unhealthy dietary habits may modify 399 
the observed relationships. However, the available data does not permit such evaluations in 400 
the current analysis. We were unable to consider more granular details regarding covariates 401 
(e.g., hypertension) which may have important disease modifying effects, for example, we 402 
are unable to distinguish individuals with poorly controlled disease or those with evidence of 403 
end-organ damage. It is also possible that certain medications have a modifying effect on 404 
associations with cardiovascular phenotypes. Information on medication in the UK Biobank 405 
is recorded at baseline based on self-report, the completeness and accuracy of this data cannot 406 
be verified against clinical records, nor can links be definitively made to specific conditions. 407 
As such, we have not taken into account potential effect of medications on the observed 408 
relationships. These would be important considerations in future work. Furthermore, as the 409 
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UK Biobank participants in this anlaysis are predominantly of White ethnic background 410 
(97%), we cannot be certain that observed associations are generalisable across different 411 
ethnicities. With regards the radiomics analysis, the reproducibility of these features is highly 412 
susceptible to variations in image segmentation. This is a major challenge with radiomics 413 
analysis, particularly when the goal is to develop generalisable clinical models. In the present 414 
study, we use radiomics for characterising associations with deeper cardiac phenotypes, as 415 
the goal in not to produce a clinical model for application to external datasets, the 416 
reproducibility issues are less relevant here. The potential effect of poor reproducibility in the 417 
present study would be to introduce noise into radiomics features with possible attenuation of 418 
some association. Another limitation is that the relatively novel approach of radiomics, 419 
although providing unique information, is difficult to interpret and so any conclusions will be 420 
descriptive and rather speculative at this stage. Finally, due to the observational nature of the 421 
study, we are unable to exclude residual confounding or infer causality. 422 
 423 

Conclusion 424 
Greater consumption of red and processed meat is associated with poorer cardiovascular 425 
health characterised in terms of CMR cardiac structure and function, novel radiomics 426 
features, and measures of arterial compliance from CMR and plethysmography. Our findings 427 
support previous clinical associations and provide greater insight into potential mechanisms 428 
of dietary impact on cardiovascular health.  429 
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Table 1. Baseline population characteristics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1 footnote: Results are frequencies and percentages for categorical variables; mean (standard 
deviation) or median [interquartile range] for continuous variable. IPAQ: international physical 
activity questionnaire; METS: metabolic equivalents.  

Male 

Female  

9,303 (47.9%) 

10,105 (52.1%) 

Age (years) 55.0 (±7.5) 

Townsend deprivation index -2.0 (±2.6) 

Body mass index (kg/m2) 26.6 (±4.2) 

Smoking (current smoker) 1,238 (6.4%) 

Diabetes 606 (3.1%) 

Hypertension  2,690 (13.9%) 

Hypercholesterolaemia  4,464 (23.0%) 

IPAQ score (METS/week) 1525.00 [2396.25] 

Educational level: 

Left school age 14 or younger without qualifications 

Left school age 15 or older without qualifications 

High school diploma  

Sixth form qualification  

Professional qualification  

Higher education university degree  

 

53 (0.3%) 

1,394 (7.2%) 

2,679 (13.8%) 

1,114 (5.7%) 

5,506 (28.4%) 

8,456 (43.6%) 

Alcohol intake frequency: 

Never 

Special occasions only 

1-3 times a month 

1-2 times a week 

3-4 times a week 

Daily or almost daily 

 

954 (4.9%) 

1,587 (8.2%) 

2,103 (10.8%) 

4,997 (25.7%) 

5,496 (28.3%) 

4,260 (21.9%) 

Unprocessed red meat intake (grams/day)  

Beef  

Lamb 

Pork 

22.3 (± 15.2) 

9.5 (± 9.0) 

6.3 (± 5.4) 

6.5 (± 5.9) 

Processed meat intake (grams/day) 15.7 (± 15.0) 

Oily fish intake (grams/day) 11.7 (± 10.8) 
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Table 2. Multivariable linear regression models showing change in LV conventional CMR 
indices per 100g increase in daily meat/fish consumption 

 
LVEDVi (ml/m2) LVESVi (ml/m2) LVEF (%) LVSVi (ml/m2) LVMi (g/m2) 

Unprocessed 
red meat 

-2.18* [-3.36, -1.00] 
2.91×10-4 

-0.96* [-1.70, -0.23] 
0.01 

0.041 [-0.50, 0.59] 
0.88 

-1.22* [-1.97, -0.47] 
1.50×10-3 

1.57* [0.91, 2.23] 
3.19×10-6 

Processed 
meat 

-2.88* [-4.12, -1.65] 
4.70×10-6 

-1.12* [-1.89, -0.35] 
4.2×10-3 

-0.12 [-0.69, 0.45] 
0.68 

-1.77* [-2.55, -0.98] 
1.06×10-5 

0.57 [-0.12, 1.26] 
0.11 

Oily fish 4.13* [2.46, 5.80] 
1.28×10-6 

1.75* [0.71, 2.79] 
9.68×10-4 

0.10 [-0.67, 0.88] 
0.79 

2.38* [1.32, 3.45] 
1.13×10-5 

2.38* [1.44, 3.31] 
6.40×10-7 

Table 2 footnote: Each cell represents a separate model, adjusted for: age, sex, social deprivation, 
educational level, smoking, alcohol intake, and exercise level. Results are presented as beta 
coefficient [95% confidence interval] p-value. CMR: cardiovascular magnetic resonance; LV: left 
ventricle; LVEDV: LV end-diastolic volume; LVESV: LV end-systolic volume; LVEF: LV ejection 
fraction; LVM: LV mass; LVSV: LV stroke volume; i denotes indexation to body surface 
area.*indicates p-value <0.05. 
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Table 3. Description of clusters identified from the radiomics texture features 

Assigned cluster name Exemplar feature from the cluster Properties represented by cluster 

Low Grey Level Emphasis Low Grey Level Emphasis  Local distribution and clustering of 
low SI values 

Spatial Non-Uniformity Size Zone Non-Uniformity  Non-uniformity in the size of pixel 
groupings 

Grey Level Variance Grey Level Variance Distribution of SI values 

Coarseness Run Percentage Tendency to small groupings of 
pixels with similar SI values 

Local Heterogeneity Dependence Entropy Randomness of neighbouring pixel SI 
values 

Large Scale Emphasis Large Area Emphasis Larger areas of similar pixel SI 
values 

Grey Level Skewness Cluster Prominence Skewness of the SI distribution 

Table 3 footnote: The table summarises the seven distinct groups of radiomics texture features 
identified through cluster analysis of these features (n=144, Supplementary Figure 4). Each cluster 
incorporates a number of inter-correlated features. For each cluster, we provide an assigned name, an 
exemplar feature, and a general description of the properties represented. SI: signal intensity 
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Table 4. Multivariate linear regression models showing change in arterial compliance measures 
per 100g increase in daily meat/fish consumption. 

Table 4 footnote: Each cell represents a separate model, adjusted for: age, sex, social deprivation, 
educational level, smoking, alcohol intake, and exercise level. For ‘interval change in ASI’, results are 
average standard deviation change from that expected from baseline. Results are presented as beta 
coefficient [95% confidence interval]; p-value. ASI: arterial stiffness index. *indicates p-value <0.05.  

 
Aortic distensibility 

(×10-3  mmHg-1) 

ASI 

(baseline, m/s) 

ASI 

(imaging, m/s) 

Interval change in 
ASI (baseline-
imaging, m/s) 

Unprocessed 
red meat 

-0.06 [-0.13, 0.02] 
0.12 

0.49* [0.41, 0.57] 
2.26×10-31 

0.349* [0.15, 0.55] 
5.46×10-4 

0.150* [0.03, 0.27] 
0.02 

Processed 
meat 

-0.00 [-0.08, 0.08] 
1.00 

0.45* [0.36, 0.53] 
4.47×10-24 

0.22* [0.02, 0.43] 
0.03 

0.05 [-0.07, 0.17] 
0.43 

Oily fish 0.01 [-0.09, 0.12] 
0.81 

-0.22* [-0.34, -0.11] 
1.70×10-4 

-0.43* [-0.71, -0.16] 
2.20×10-3 

-0.17 [-0.34, 0.01] 
0.06 
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FIGURE LEGENDS 
Figure 1 footnote: (A) Average silhouette statistic for complete-linkage hierarchical clustering of 
texture feature correlations. The silhouette statistic reflects the average distance between data points 
in the same cluster compared against average data points in other clusters and allows judgement of the 
optimal number of clusters within a sample, such that distance between datapoints within clusters are 
minimised whilst maximising distance with datapoints from other clusters. We computed average 
silhouette statistic for 2 to 10 clusters. Maximum silhouette statistic was observed with 7 and 8 
clusters. Hence, we take 7 clusters as representing the optimal number of clusters within our samples. 
(B) Correlation heatmap, rows and columns correspond to all texture features creating grid with all 
possible pairs of texture features, grid colour corresponds to Pearson Correlation between pair of 
features at that point. Grid rows re-ordered by hierarchical clustering of correlations with tree 
coloured for optimal seven cluster cut of the tree. 
 

Figure 2 footnote: None required. 
 
Figure 3 footnote: Each bar represents standardised beta coefficients corresponding to the indicated 
radiomics shape feature. Each bar is from a separate model adjusted for age, sex, social deprivation, 
educational level, smoking, alcohol intake, exercise level. Black lines represent half-length of 
confidence interval for the corresponding bar. Asterix denotes significant association. Bonferroni 
adjusted significance threshold p-value =0.001 (corrected for 39 comparisons). CMR: cardiovascular 
magnetic resonance; LV: left ventricle 
 
Figure 4 footnote: Each bar represents standardised beta coefficients corresponding to the indicated 595 
radiomics shape feature. Each bar is from a separate model adjusted for age, sex, social deprivation, 596 
educational level, smoking, alcohol intake, exercise level. Black lines represent half-length of 597 
confidence interval for the corresponding bar. Bonferroni adjusted significance threshold p-value 598 
=0.0009 (corrected for 54 comparisons).CMR: cardiovascular magnetic resonance; LV: left ventricle 599 
 
Figure 5 footnote: Each bar represents mean standardised beta coefficients corresponding to the 600 
indicated texture feature cluster. Models are adjusted for age, sex, social deprivation, educational 601 
level, smoking, alcohol intake, exercise level (confounder adjusted model). Black lines represent half-602 
length of confidence interval for the corresponding bar. Bonferroni adjusted significance threshold p-603 
value =0.002 (corrected for 21 comparisons).CMR: cardiovascular magnetic resonance; LV: left 604 
ventricle *denotes p < 0.05 in Mann-Whitney U Test between oily fish and unprocessed red meat and 605 
between oily fish and processed red meat. 606 
 
Figure 6 footnote: Greater red and processed meat intake was associated with smaller ventricular 
volumes, reduced short axis dimension, and a less elongated shape; lower global signal intensity 
levels, and less variation in SI levels within the LV myocardium. Greater oily fish consumption was 
associated with larger ventricles with overall more elongated shape, higher global myocardial 
intensity levels and more variation of myocardial intensities. CMR: cardiovascular magnetic 
resonance. *Histograms are from a selection of most illustrative cases and do not represent findings 
from the whole dataset.  

 

Figure 7 footnote: Each bar is from a separate model adjusted for age, sex, social deprivation, 607 
educational level, smoking, alcohol intake, exercise level (confounder adjusted model). AD: aortic 608 
distensibility; ASI: arterial stiffness index.  609 
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Figure 1. Illustration of clustering method (hierarchical) and approach to defining the number 610 
of clusters (average silhouette approach) for the LV myocardium radiomics texture features 611 

 612 
Figure 1 footnote: (A) Average silhouette statistic for complete-linkage hierarchical clustering of 613 
texture feature correlations. The silhouette statistic reflects the average distance between data points 614 
in the same cluster compared against average data points in other clusters and allows judgement of the 615 
optimal number of clusters within a sample, such that distance between datapoints within clusters are 616 
minimised whilst maximising distance with datapoints from other clusters. We computed average 617 
silhouette statistic for 2 to 10 clusters. Maximum silhouette statistic was observed with 7 and 8 618 
clusters. Hence, we take 7 clusters as representing the optimal number of clusters within our samples. 619 
(B) Correlation heatmap, rows and columns correspond to all texture features creating grid with all 620 
possible pairs of texture features, grid colour corresponds to Pearson Correlation between pair of 621 
features at that point. Grid rows re-ordered by hierarchical clustering of correlations with tree 622 
coloured for optimal seven cluster cut of the tree.   623 
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Figure 2. Covariates considered in the relationship between red and processed meat 
consumption and cardiovascular phenotypes 
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Figure 3. Multivariable linear regression models showing change in LV cavity CMR shape 624 
radiomics (end-diastole) per 100g increase in daily meat consumption 625 

 626 
Figure 3 footnote: Each bar represents standardised beta coefficients corresponding to the indicated 
radiomics shape feature. Each bar is from a separate model adjusted for age, sex, social deprivation, 
educational level, smoking, alcohol intake, exercise level. Black lines represent half-length of 
confidence interval for the corresponding bar. Asterix denotes significant association. Bonferroni 
adjusted significance threshold p-value =0.001 (corrected for 39 comparisons). CMR: cardiovascular 
magnetic resonance; LV: left ventricle  
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Figure 4. Multivariable linear regression models showing change in LV myocardium CMR 627 
first-order radiomics (end-diastole) per 100g increase in daily meat consumption 628 

 629 

 630 
Figure 4 footnote: Each bar represents standardised beta coefficients corresponding to the indicated 631 
radiomics shape feature. Each bar is from a separate model adjusted for age, sex, social deprivation, 632 
educational level, smoking, alcohol intake, exercise level. Black lines represent half-length of 633 
confidence interval for the corresponding bar. Bonferroni adjusted significance threshold p-value 634 
=0.0009 (corrected for 54 comparisons).CMR: cardiovascular magnetic resonance; LV: left ventricle  635 
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Figure 5. Mean change in LV myocardium CMR radiomics texture feature clusters per 100g 636 
increase in daily meat consumption 637 

 638 
 639 
 640 
Figure 5 footnote: Each bar represents mean standardised beta coefficients corresponding to the 641 
indicated texture feature cluster. Models are adjusted for age, sex, social deprivation, educational level, 642 
smoking, alcohol intake, exercise level (confounder adjusted model). Black lines represent half-length 643 
of confidence interval for the corresponding bar. CMR: cardiovascular magnetic resonance; LV: left 644 
ventricle *denotes p < 0.05 in using Kruskal-Wallis statistical testing followed by Dunn’s correction 645 
test for multiple comparisons. between oily fish and unprocessed red meat and between oily fish and 646 
processed red meat.  647 
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Figure 6. Summary of the association of the oily fish, processed meat, and unprocessed red meat 
intake with the CMR radiomics shape and signal intensity-based features 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 footnote: Greater red and processed meat intake was associated with smaller ventricular 
volumes, reduced short axis dimension, and a more elongated shape; lower global signal intensity 
levels, and less variation in SI levels within the LV myocardium. Greater oily fish consumption was 
associated with larger ventricles with overall less elongated (more spherical) shape, higher global 
myocardial intensity levels and more variation of myocardial intensities. CMR: cardiovascular 
magnetic resonance. *Histograms are from a selection of most illustrative cases and do not represent 
findings from the whole dataset.  
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Figure 7. Summary of multivariable linear regression results for arterial compliance measures 
displaying beta coefficients and 95% confidence intervals per 100g increase in daily intake of 

meat/fish 

 

 
 

 
 

 
 

 
 

 
 
Figure 7 footnote: Each bar is from a separate model adjusted for age, sex, social deprivation, 
educational level, smoking, alcohol intake, exercise level (confounder adjusted model). AD: aortic 
distensibility; ASI: arterial stiffness index. 

 

 

 
 


