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Abstract 12 

Norovirus is one of the most common gastrointestinal pathogens and causes substantial 13 

morbidity and mortality worldwide. A serious consequence can be acute kidney injury (AKI), 14 

characterised by a rapid deterioration of kidney function, which is associated with prolonged 15 

hospital admissions and increased mortality. This study aimed to quantify the contribution of 16 

norovirus community transmission to AKI hospitalisations in England and its attributable cost. 17 

 18 

We developed an age-structured deterministic compartmental dynamic transmission model 19 

fitted to multiple electronic health data sources. We used a Bayesian approach to fit to 20 

hospitalisations and primary care records for AKI and gastroenteritis, as well as laboratory-21 

confirmed norovirus surveillance data in England, from 2013-2019 and population surveys of 22 

norovirus incidence.  We estimated the effect of norovirus incidence on community-acquired AKI 23 

hospitalisations and the economic burden as a product of the number of AKI hospitalisations 24 

linked to norovirus with a mean comorbidity-weighted AKI hospitalisation costs. 25 

 26 

We estimated that 25% (95% CrI: 15-36%) of norovirus infections in people aged 65 years and 27 

above were linked to community-acquired AKI hospitalisations in the winter, amounting to 28 

313,398 (95% CrI: 187,424-449,673) hospitalisations between 2013-2019. This represents 6.5% 29 

(95% CrI: 3.9-9.4%) of all cause community-acquired AKI hospitalisations in people aged 65 30 

years and above over this period. The healthcare cost associated with norovirus-linked AKI 31 

admissions was estimated to be £135 million (95% CrI: £81.1 million - £195 million) annually. 32 

 33 

Gastroenteritis has previously been identified as an important risk factor for AKI in vulnerable 34 

patients. Our results suggest norovirus incidence in the community plays an important role in 35 

driving AKI hospitalisations in individuals aged 65 years and above. This is the first population-36 

level estimate of the prevalence of norovirus infections linked to hospitalisations for AKI. 37 

Norovirus presents a substantial economic burden on the healthcare system and AKI 38 

hospitalisation should be a consideration when evaluating future norovirus vaccines. 39 

 40 

Key words: Norovirus, acute kidney injury, mathematical modelling, Bayesian inference  41 
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Introduction 42 

 43 

Norovirus is the most commonly reported cause of acute gastroenteritis in the UK, estimated at 44 

3.7 million cases per year (1). While often self-limiting, with symptoms lasting 2-3 days, disease 45 

can be severe in children, the elderly, and people with impaired immune function (2). The 46 

majority of norovirus transmission  is transmitted person-to-person in the community with an 47 

important burden in settings such as schools, care homes, and hospitals (3). Norovirus has a 48 

low infectious dose and is a genetically diverse virus making control efforts challenging (2,4,5). 49 

In healthcare settings like hospitals, outbreaks of norovirus cause major disruptions by 50 

prolonging admissions and due to control measures reducing bed availability during peak winter 51 

months (3,6,7). Norovirus incidence demonstrates a clear seasonality with regular peaks in 52 

winter driven by a complex interplay between population immunity, environmental factors, and 53 

host-behavioural factors (8,9). 54 

 55 

A serious consequence of norovirus infection can be acute kidney injury (AKI). AKI is 56 

characterised by a rapid deterioration of kidney function undermining metabolic, electrolyte, and 57 

fluid homeostasis (10). Acute gastroenteritis presents with diarrhea and vomiting, leading to 58 

severe fluid losses. The resulting hypovolemia compromises renal perfusion leading to a 59 

decrease in the glomerular filtration rate: the kidneys' ability to filter blood (11,12). It is 60 

associated with prolonged admissions and a 4-16 fold increase in the odds of death (13). In the 61 

UK, it is estimated that AKI inpatient care and longer term impacts cost £1.02 billion annually, 62 

equivalent to 1% of the NHS budget in 2011 (14). Risk factors associated with AKI include older 63 

age, chronic kidney disease, hypertension, diabetes, heart failure, drug toxicity, and is therefore 64 

typically considered primarily as a chronic disease health outcome (10). However, evidence 65 

suggests that infection is also an important contributor of AKI burden, with a substantially 66 

increased risk of AKI following gastroenteritis (12), and AKI hospital admissions demonstrating a 67 

seasonal pattern with winter increases (15–17).  68 

 69 

With norovirus the primary cause of gastroenteritis in England, and in the absence of routine 70 

laboratory confirmation, we sought to quantify the contribution of community norovirus to AKI 71 

hospitalisations by applying mathematical modelling methods. We fit a transmission model of 72 

norovirus to AKI hospitalisation data and use Bayesian inference to estimate its contribution and 73 

attributable costs. With a number of vaccine candidates for norovirus in development (18), this 74 

study presents new insights that will serve to illustrate aspects of the potential benefits of 75 

introducing norovirus vaccination in England. 76 

Methods 77 

Transmission Model  78 

To model norovirus transmission, we adapted a deterministic Susceptible (S), Exposed (E), 79 

Infected (I), Recovered (R) model from previously published studies (19–21). The model 80 

includes two infected compartments; symptomatic (Is) and asymptomatic (Ia) (Figure 1). The 81 
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model is age stratified into four age groups: 0-4; 5-14; 15-64; 65+ years. This age stratification 82 

is to reflect young children (0-4 years) having the highest estimated incidence of norovirus, and 83 

older adults (65+ years) who are most vulnerable to severe disease (1,20,21). 84 

 85 

 86 
 87 
Figure 1: Compartmental model diagram with the following classes: S, susceptible; E, exposed; Ia, infectious 88 
asymptomatic; Is, infectious symptomatic; R, recovered. Arrows denote becoming infected, moving through the 89 
infection and recovery process, and waning of immunity. Force of infection is denoted by the dashed lines. Births, 90 
deaths, and ageing are included in the model but not depicted in the diagram. 91 

 92 

Susceptible individuals are infected at rate λ into the Exposed compartment. Exposed 93 

individuals have an incubation period of μ then progress to be Infected-symptomatic (Is) or 94 

Infected-asymptomatic (Ia). To capture heterogeneous and assortative contact patterns 95 

between age-groups, denoted cij, we extracted contact matrix data in the UK from the 96 

POLYMOD survey using the R package socialmixr (22,23). The proportion symptomatic is σ, 97 

and the proportion asymptomatic 1-σ. Symptomatic individuals progress into the asymptomatic 98 

compartment at a rate of ψ, representing the rate of loss of symptoms. Asymptomatic 99 

individuals then progress into the Recovered compartment at a rate of γ representing the rate of 100 

recovery. 101 

 102 

In the recovered compartment, individuals are immune and then return to the Susceptible 103 

compartment at a rate of ω. However to reflect that during the period of immunity, individuals 104 

can be re-infected but not have disease, the same force of infection applied to susceptible 105 

individuals was applied to the recovered compartment. Births, deaths, and ageing were included 106 

in the model. Individuals would age up to 80 years old, by which point they would exit the 107 

system; age-specific mortality was not applied. The full model equations, details on the force of 108 

infection and seasonality are in Supplement S1.1. Parameter definitions and values for fixed 109 

parameters are outlined in Supplement S1.3. 110 

 111 

Model fitting overview 112 

 113 

We fitted our model to various sources of data which include: UK Health Security Agency’s 114 

Second Generation Surveillance System (SGSS), the second longitudinal study of infectious 115 

intestinal diseases in the UK (IID2), the Clinical Practice Research Datalink (CPRD) Aurum, and 116 

Hospital Episode Statistics (HES). Information about each data source is outlined in Supplement 117 
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S2. Use of CPRD/HES was approved in 2023 (protocol 23_003034). We defined each epidemic 118 

year as running from the start of July to the end of the following June. 119 

 120 

We assumed that each source represents distinct segments of the surveillance pyramid and 121 

captured different norovirus dynamics across the age groups (Figure 2). For example, younger 122 

age groups are more likely to be captured in GP data ; whereas in older age groups norovirus 123 

dynamics are more likely captured in hospitalisation data. This assumption therefore underpins 124 

our fitting approach: in age group 0-4, we fit our model to medically attended gastroenteritis in 125 

primary care data. In the 65+ age group we fit to gastroenteritis and acute kidney injury 126 

hospitalisation data. In the 5-14 and 15-64 age group, norovirus dynamics are poorly captured 127 

in GP and hospitalisation data, therefore we did not fit to either sources. All age groups were 128 

fitted to the SGSS surveillance data and community incidence estimates generated by IID2 (24). 129 

 130 

We defined a GP attendance for gastroenteritis where there was a recorded pathogen code 131 

(positive test for norovirus) or a diagnosis code (e.g. gastroenteritis) (Supplement S7.3). 132 

Symptom codes (e.g. diarrhoea and vomiting only) were not included as they were non-specific. 133 

 134 

We defined community-acquired hospitalisations as an AKI code recorded in any position 135 

(primary, secondary, tertiary, etc.) in an episode within two days of admission, and refer to this 136 

definition as ‘AKI hospitalisation’ subsequently (Supplement S7.1). We defined gastroenteritis 137 

hospitalisation as a relevant ICD-10 code in any position in HES, at any time during an 138 

admission (Supplement S7.1). 139 

 140 

We fitted the model to data between 2013-2019, to target a period after the introduction of the 141 

rotavirus vaccine to minimise the contribution of rotavirus as a cause of gastroenteritis. Similarly 142 

we end the observation period in 2019 to exclude the period of the COVID-19 pandemic, where 143 

norovirus dynamics were disrupted and SARS-CoV-2 was a major causative agent for AKI 144 

during that period. 145 
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 146 

 147 

 148 

 149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

Figure 2: 163 

Schematic of the surveillance pyramid stratified by age. Each source of data captured different segments 164 

of the pyramid. We assumed that norovirus dynamics vary across age groups, meaning certain data 165 

sources more accurately reflect these dynamics in specific age groups. Within each age group, we label 166 

the data source used to fit the model. SGSS, Second Generation Surveillance System; CPRD Aurum, 167 

Clinical Practice Research Datalink Aurum; IID2, Longitudinal study of infectious intestinal disease in the 168 

UK (24); HES, Hospital Episode Statistics. 169 

Observation model 170 

Observation model for GP attendance in 0-4 age group 171 

 172 

To parsimoniously capture secular trends we applied a B-spline function with three knots to the 173 

modelled incidence data. A B-spline function is appropriate for modelling long term patterns 174 

(25). Three knots parsimoniously captured the overall secular trend but avoided capturing 175 

seasonality of the data. The output is multiplied by an estimated parameter which scaled the 176 

modelled output to GP attendance data for all-cause gastroenteritis. A step-by-step explanation 177 

is outlined in Supplement S3. 178 

 179 

Observation model for hospitalisations in 65+ year age group 180 

 181 

To link norovirus infections to gastroenteritis and AKI hospitalisations our observation model 182 

had two components: (1) reporting parameters that fit the relationship between infections and 183 

hospitalisations, and (2) a cubic spline representing baseline AKI trends. We included a 184 

seasonal reporting parameter which allowed the relationship between infections and 185 

hospitalisations to vary between winter and summer, implemented using a smoothed cosine 186 

transition. This seasonal variation accounted for winter factors such as outbreaks in healthcare 187 
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settings, higher burden in vulnerable patient populations, and potentially better detection and 188 

attribution of AKI or gastroenteritis to norovirus in the winter. We estimated both winter and 189 

summer parameters to quantify how many AKI or gastroenteritis hospitalisations are attributable 190 

to each norovirus case, and how this changed across a year (Supplement S3). 191 

 192 

In the AKI hospitalisation data, there were short periods of increased hospitalisations in summer 193 

months strongly associated with heat waves, as defined by the UK Meteorological Office. We 194 

excluded AKI hospitalisations from the likelihood during heat waves to minimise spuriously 195 

fitting parameters to data that was unlikely to be associated with norovirus. 196 

 197 

Bayesian inference 198 

 199 

We fitted parameters which govern infection dynamics (proportion of infections symptomatic, 200 

duration of immunity, probability of infection), seasonality (seasonal amplitude, seasonal offset), 201 

and reporting terms (attendance to hospital for acute kidney injury, gastroenteritis, primary care 202 

attendance, and surveillance). Fixed and fitted values, as well as priors are given in Supplement 203 

S1.3. We fitted the model to the different datasets and age groups using a quasi-Poisson 204 

likelihood (Supplement S3.4) using  adaptive Metropolis-Hastings Markov Chain Monte Carlo 205 

(MCMC) . We ran four chains of 500,000 iterations, discarding 100,000 for burn in. We thinned 206 

the chain by 100 to reduce autocorrelation in the samples. We assessed convergence using 207 

trace plots, autocorrelation, effective sample size, and correlation between parameters. 208 

 209 

Cost analysis 210 

 211 

To estimate the cost of norovirus-linked AKI hospitalisations we used reference costs for acute 212 

kidney injury (code LA07) reported by the National Health Service between 2013-2019 (26,27). 213 

Costs associated with AKI varied by whether an intervention was made and the complication 214 

and comorbidity score, therefore we used the mean activity weighted reference cost for each 215 

year. The mean reference cost was multiplied by the estimated number of AKI admissions 216 

linked to norovirus and a range of costs from the posterior distribution of the fitted parameter. 217 

We assume a variable cost of 15%, meaning the cost saved if the norovirus attributable AKI 218 

hospitalisation was prevented during this period (28). All costs were inflated to 2021 using the 219 

NHS cost inflation index (29). 220 

Sensitivity analysis 221 

To assess the robustness of our results, we performed several sensitivity analyses. We first 222 

expanded our model to incorporate a broader definition of AKI hospitalisation wherein AKI 223 

diagnosis was not restricted to within 2 days of admission. We also assessed sensitivity to using 224 

a more stringent definition of hospitalisation data that only considered AKI codes in the top two 225 

diagnostic positions. Finally, we tested sensitivity to changes in the number of knots in the B-226 

spline function. 227 

 228 

 229 
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Results 230 

Descriptive analysis 231 

Across six seasons between 2013 and 2019, incidence of AKI hospitalisation in 65+ years old 232 

was 80 per 100,000 person years at the beginning of 2013 and rose to 131 per 100,000 person 233 

years at the end of 2019 (Supplement S4). We observed distinct winter seasonal increases in 234 

AKI hospitalisation consistently peaking between week 52 and week 1. SGSS surveillance peak 235 

week varied between week 2 and 13 during the study period, except in the 2016/2017 season 236 

where a peak was observed in week 47. GP attendance in children 0-4 and 5-14 for 237 

gastroenteritis typically showed two annual peaks, with acute drops in attendance data in week 238 

52; typically a period defined by Christmas/winter holidays (work and school closures) in 239 

England. GP attendances for gastroenteritis were nearly doubled each winter compared to 240 

summer. Gastroenteritis hospitalisation showed a much less pronounced winter seasonal peak 241 

compared to other sources of data, with peaks between week 2 and 13 of each season. 242 

Model fit and parameter estimates 243 

In general, our model fits each source of data adequately (Figure 1 and Figure 2) and posterior 244 

parameter estimates are given in table 1. For the norovirus surveillance data, across the age 245 

groups the height and timing of the peaks and troughs were captured (Figure 1). Compared to 246 

IID2 incidence rate data, our model reported estimates within the bounds of the IID2 study 247 

estimates (Figure 1 panel D). For GP attendance for gastroenteritis and gastroenteritis 248 

hospitalisation, peaks and troughs were captured by the model (Figure 2). The fit to AKI 249 

hospitalisations captured troughs well, but the height and timing of the peaks were captured 250 

slightly less well (Figure 2 panel C).  251 

 252 

Diagnostic assessment of MCMC indicates convergence. Trace plots of parameters and 253 

multiple chains of the log likelihood show patterns of the parameter space being explored 254 

efficiently (Supplement S5). Generally priors were uninformative. The narrow posterior 255 

distributions of the probability of infection parameters suggests that the data provides strong 256 

evidence for the values estimated. The posteriors for both the duration of immunity and AKI 257 

hospitalisation parameters, though more focused than their prior distributions, still showed 258 

considerable uncertainty. The posterior for the probability of transmission between under five 259 

year olds was 0.18 (95% CrI: 0.15-0.20) and for the probability of transmission to (and between) 260 

over five years olds was 0.04 (95% CrI: 0.037-0.047) (Table 1). Duration of immunity was 261 

estimated to be 8.9 years (95% CrI: 5.9-11.8). We estimated that approximately 7.4% over 65 262 

year olds with symptomatic norovirus infection in the winter were hospitalised (with norovirus), 263 

and 1.8% were reported to surveillance in the winter. When fitting the model to AKI 264 

hospitalisation data, we estimated that the percentage of symptomatic norovirus infections in the 265 

winter linked to an AKI hospitalisation was 25% (95% CrI: 15-36%).  266 
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 267 
 268 

Figure 2: Model fit to norovirus surveillance data (SGSS), 2013-2019 stratified by age A) 0-4 years olds 269 

B) 15-64 year olds C) 65+ year olds. Black dots show the data, red the posterior median fit, and light blue 270 

the 95% credible interval. The years are shaded in grey for readability. 271 
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 272 
 273 

Figure 3: Model fit to various data sources, 2013-2019 A) gastroenteritis primary care attendance, 0-4 274 

year olds (CPRD) B) gastroenteritis hospital admission, 65+ year olds (HES) C) acute kidney injury 275 

hospital admission, 65+ year olds (HES). Red shaded area in panel D denotes AKI hospitalisations not 276 

included in likelihood calculation as periods of AKI related to heat waves. Grey shaded area represent 277 

alternating calendar years to aid in visualising peak timings. In the 0-4 year old gastroenteritis primary 278 

care data (Panel A), we excluded data from the year 2013, as rotavirus vaccination had been introduced 279 

in the summer of 2013. Therefore to improve the specificity of the gastroenteritis attendances for 280 

norovirus, years where rotavirus were significantly more active were excluded. 281 

 282 

 283 

 284 

 285 
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 286 
 287 

Table 1: Parameters and posterior estimates 288 

Estimate of norovirus leading to acute kidney injury hospitalisations  289 

Between 2013 and 2019, we estimate that there were 3,117,707 (95% CrI: 2,356,661 - 290 

4,174,546) infections in people aged 65 years and above. Based on the posterior estimate, 291 

25.1% (95% CrI: 15.0-36.0%) were linked to an AKI hospitalisation at the peak of the winters. 292 

Across the observation period we estimate there to be 313,398 (95% CrI: 187,424-449,673) 293 

norovirus linked AKI hospitalisations. There were 4,874,534 AKI hospitalisations that meet the 294 

definition of community-acquired AKI. Given this, we estimate that 6.5% (95% CrI: 3.9-9.4%) of 295 

community-acquired AKI hospitalisations in people aged 65 years and above could be 296 

attributable to norovirus infection in 2013-2019.  297 

 298 

Cost analysis 299 

 300 

We estimate that between 2013-2019, between £123 - £144 million per year was associated 301 

with norovirus linked AKI hospitalisations. This amounts to £949 million (CrI: £564 million - 302 

£1.36 billion) during the observation period. Assuming the 15% variable cost, preventing 303 

norovirus in people aged 65 years and above and thus AKI hospitalisation would amount to 304 

£142 million (Crl: £84.6-£204 million) savings between 2013-2019. 305 
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 306 

Table 2: Estimated annual costs associated with norovirus linked acute kidney injury hospitalisations. 307 

Cost values inflated to 2021 using the NHS cost inflation index (29) 308 

Sensitivity analysis 309 

Broadening the definition of AKI did not change the posterior parameter estimates (Supplement 310 

S5.8). Given that our definition of community-acquired AKI represents greater than 95% of AKI 311 

codes recorded, we would expect our results to be robust. Furthermore including hospitalisation 312 

counts strongly associated with heat waves also did not change the posterior parameter 313 

estimates. While the likelihood is increased, these only represent 20 weeks out of 365 weeks of 314 

data fitted to, therefore we would expect posterior parameter estimates to be unchanged. The 315 

posterior parameter estimates were not sensitive to the number of knots used in the observation 316 

model. Secular trends were less well captured where fewer knots were applied. We also found 317 

that posteriors were sensitive to when the definition of AKI hospitalisation code was restricted to 318 

the top two diagnostic positions (Supplement S5.8). 319 

Discussion 320 

We developed a model of norovirus transmission in the community fitted to a range of norovirus-321 

related data to estimate the percentage of infections associated with community-acquired AKI 322 

hospitalisation. We estimated that one in four norovirus infections in the winter can be linked to 323 

an AKI hospitalisation in over 65s; this accounts for 313,000 hospitalisations between 2013-324 

2019, with associated costs of £949 million. On an annual basis, this represents about 44,700 325 

hospitalizations and £135 million in costs. 326 

 327 

There are limited quantitative estimates of the role of norovirus infections in AKI, especially at a 328 

population scale. This is likely because gastroenterological symptoms may have resolved by the 329 

time of hospital admission and under recognition of the link between events. Further, there is  330 

limited virological confirmation and underascertainment of norovirus in hospital coding. Given 331 

this, most studies explore associations between gastroenteritis and AKI. For example, the 332 

prevalence of AKI among children in Uganda hospitalised with gastroenteritis was 28%, (30) 333 

while conversely among people of all ages admitted with AKI in Malawi 19.6% had 334 

gastroenteritis (31). A large Japanese study using routine data to investigate the seasonality of 335 
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AKI hospitalisations found that gastroenteritis was the third most common diagnosis code on 336 

admission (12.8%) (16). Because our focus lies on estimating the population-level contribution 337 

of norovirus to AKI hospitalisations, these studies are limited in serving as comparators for our 338 

estimates. However, a self-controlled case series analysis of patients in the UK taking anti-339 

hypertensive drugs found that individuals were 43 times more likely to experience an AKI 340 

admission following an episode of gastroenteritis than pre-infection, substantially greater than 341 

with pneumonia or urinary tract infections (12). Given this high risk observed in vulnerable 342 

individuals, our finding of a high proportion of norovirus-linked AKI hospitalisations among older 343 

adults is consistent in this context.  344 

 345 

We found that norovirus plays an important role in the seasonality of community-acquired AKI 346 

hospitalisations. However, given the multifactorial nature of AKI, other mechanisms not captured 347 

by the model are likely to play a role and may contribute to the misalignment in the timing of 348 

norovirus peaks and that of AKI hospitalisations. Other infections and important AKI-associated 349 

comorbidities such as heart failure and myocardial infarction also demonstrate seasonal 350 

associations (32–34). Detection of AKI may also vary seasonally, which may be a plausible 351 

explanation of the consistent timing of the peaks of AKI admissions.  352 

 353 

We found that up to 25% of norovirus infections in the winter are linked to an AKI hospitalisation 354 

in people over 65, which demonstrates the substantial burden this infection places on health 355 

services. Norovirus and control efforts significantly contribute to winter pressures, and 356 

prolonged admissions due to AKI further increases the burden on hospitals. A norovirus 357 

vaccine, which is in late-stage trials, offers a mechanism to reduce the burden of AKI 358 

hospitalisations, particularly in those at higher risk. Here, we demonstrate downstream costs on 359 

AKI, which could be included in in cost-effectiveness analysis of a norovirus vaccine. Previous 360 

estimates of the economic cost of norovirus on the NHS was nearly £300 million annually, 361 

including foregone admissions (6). When considering the cost of norovirus-linked AKI 362 

hospitalisations, the economic burden of norovirus on the healthcare system would increase 363 

further. 364 

 365 

Strengths and weaknesses 366 

 367 

We have used several sources of robust large-scale national data and dynamic transmission 368 

modeling to demonstrate the non-linear age-stratified dynamics fundamental to norovirus 369 

epidemiology. This approach suggests infections circulating in younger age groups serve as 370 

important drivers of AKI hospitalisations in older adult populations - a complex dynamic that 371 

would be difficult to demonstrate using other conventional methods such as time series 372 

regression. We have provided an estimate of the public health burden of the role of norovirus in 373 

AKI hospitalisations, which is challenging due to limited virological confirmation of norovirus and 374 

underascertainment in hospital coding. 375 

 376 

Estimating norovirus-associated AKI hospitalisations relies on the reliability of the norovirus 377 

transmission model. We estimated that the duration of immunity was 8.9 years, which is 378 

comparable to previous estimates (19,20). We estimated the probability of infection to be 0.18 379 
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per contact between under 5s, and 0.04 per contact with over 5s, both within the bounds of 380 

previous estimates (20,35). The rate of hospitalisation from norovirus in the over 65s was higher 381 

than previous estimates (36). We estimated that 7.4% ( 95% CrI: 5.4-9.7%) of gastroenteritis 382 

admissions in older adults were attributable to norovirus, while previous estimates were <1% in 383 

the elderly. Differences can be explained by differing periods of observation, outcomes, and 384 

statistical approaches. We estimated a surveillance reporting ratio higher than that reported in 385 

the IID2 study. However we estimated a ratio of samples in 65+ year olds, where one would 386 

expect more to be reported to surveillance, compared to the all age group estimate reported in 387 

IID2. 388 

 389 

While the fitted parameters align with previously reported estimates and our model shows 390 

strong quantitative evidence of fitting the data, several key assumptions underpin the approach. 391 

Firstly, we use a seasonal forcing term, which assumes that norovirus seasonality is driven by 392 

increased contacts during specific times of the year and that seasonal peaks occur consistently 393 

each year. Although this term was estimated during the fitting process and includes uncertainty, 394 

it oversimplifies the more nuanced mechanisms that may cause interannual variability in peak 395 

timing, as observed in surveillance data. Despite many factors influencing norovirus and AKI 396 

seasonality, the seasonal forcing term is an effective approach to summarising these patterns 397 

without adding unnecessary complexity or minimising overfitting. Previous studies have 398 

identified temperature as a driver of norovirus seasonality, suggesting it could be incorporated in 399 

future model iterations to better account for year-to-year variations. 400 

 401 

To enhance our approach and better capture transmission dynamics, we fitted the model using 402 

multiple data sources, although these sources often involve non-specific diagnoses. With 403 

hospitalisation data, we assumed a proportion was attributable to norovirus, acknowledging that 404 

our observation model may oversimplify accounting for other causes of non-specific outcomes 405 

like AKI and gastroenteritis, as well as their seasonality.  406 

 407 

The uncertainty demonstrated by the posterior distribution for AKI hospitalisation rate suggests 408 

that the available data was insufficient to determine these parameters with greater precision. 409 

ICD10 codes for AKI, particularly N17 codes, have evidence of having a high positive predictive 410 

value (37). However, our data suggested that 94% of codes were recorded within 2 days of 411 

admission, meeting our definition of community-acquired AKI. This proportion is notably higher 412 

than the UK Renal Registry's estimate of 69% for community-acquired AKI, suggesting our 413 

study may have experienced greater misclassification, contributing to uncertainty in our 414 

estimates. When we restricted our analysis to AKI recorded only in the top two diagnostic 415 

positions, the proportion of norovirus linked hospitalisations reduced substantially. This indicates 416 

that the analysis was sensitive to diagnostic position. However, AKI was listed as the primary 417 

reason for admission in a small proportion of all AKI coded admissions and may not be a true 418 

representation of AKI hospitalisations affected by norovirus. This would be in keeping with AKI 419 

being a secondary event in a complex clinic picture, but an important factor in requiring hospital 420 

treatment. Though the causal link between gastroenteritis, volume depletion, and subsequent 421 

AKI is well-established, the complex and multifactorial nature of AKI aetiology makes it 422 

challenging to model effectively. 423 
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 424 

Although our model shows a strong fit to data both qualitatively and quantitatively, it does not 425 

account for strain-specific dynamics. This limitation could affect factors like the duration of 426 

immunity, the likelihood of symptomatic infection upon reinfection, and the probability of 427 

infection. However, the study period from 2013 to 2019 was marked by stability in strain 428 

dynamics, with the GII.4 Sydney strain being the dominant capsid type in England and globally 429 

(38). Strain dynamics may become more significant in the future, esppecially when considering 430 

potentially introducing vaccination.This is also highlighted by the newly increased circulation of 431 

GII.17 during the 2023-2024 season (39). 432 

 433 

Conclusion 434 

 435 

We demonstrate that norovirus incidence in the community plays an important role in driving 436 

AKI hospitalisations, and presents a large economic burden on the English healthcare system. 437 

AKI hospitalisation should be an important consideration when evaluating future norovirus 438 

vaccines.  439 

  440 
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