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Thesis abstract 

Wearable devices (WDs) are an untapped resource for measuring patient health status during 

the peri-operative period. The overarching aim of this thesis is to explore the potential for WDs 

to be used in the clinical setting for patients undergoing radical cystectomy (RC) for bladder 

cancer. The lack of consensus regarding the optimal approach for RC presents an opportunity to 

design an RCT comparing open (ORC) and robotic (RARC) RC, in which a wearable device sub-

study can be embedded. While the intracorporeal Robotic vs Open Cystectomy (iROC) trial will 

address the comparison between ORC and RARC, my thesis focuses on exploring the clinical 

utility of WDs. 

I present the results of a systematic review of RCTs comparing ORC and RARC. Meta-analysis 

shows no significant difference in peri-operative and oncological outcomes between ORC and 

RARC. Additionally, I systematically review healthcare studies using WDs and highlight the 

findings, device choices and device metrics used. Step-count is the most frequently collected 

WD metric, and chronic health conditions are the focus of majority of studies. Findings from 

these systematic reviews guided the design of the iROC trial protocol. 

I present the pre-planned interim analysis of the iROC trial, and explore associations between 

WD data and pre-operative health measures including cardiopulmonary exercise testing (CPET). 

Step-count correlates with the CPET variables (p < 0.01) routinely used to risk-stratify patients 

undergoing RC, and is the only predictor of major complications following RC in a logistic 

regression model. 

Finally, I evaluate recovery of baseline step-count at three months post-operatively as a 

predictor of overall survival. Applying a threshold of 50% recovery at 3 months, step-count 

predicts one-year survival to a sensitivity and specificity of 100% and 93% respectively. 
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My findings highlight the potential of WDs in peri-operative care, and my post-doctoral work 

will progress this work further. 
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Impact statement 

Wearable devices (WDs) have become increasingly popular due to their appeal to fitness 

enthusiasts, but also offer a new opportunity in healthcare. Despite this, the uptake of WDs into 

routine care has been limited. In this doctoral thesis, I explored the utility of WDs in measuring 

health status from patients undergoing radical cystectomy, drawing on data from a multi-centre 

phase III RCT: intracorporeal Robotic vs Open Cystectomy (iROC) trial.  This is the first RCT to 

explore WD data comparisons in the setting of radical cystectomy. 

I have shown that it is feasible to embed WDs into clinical trials, and data can be reliably 

collected with minimal input from patients. WD step-count data do not correlate with patient-

reported quality-of-life scores, suggesting that WDs offer new information regarding health 

status. Furthermore, WD data correlates with known risk-stratification tools such as 

cardiopulmonary exercise testing (CPET). CPET is not universally adopted, and the potential for 

WDs to provide similar information is interesting: WD data was an independent predictor of 

major complications following radical cystectomy. My work also shows that WD data also can 

be predictive of 1-year survival (sensitivity and specificity of 100% and 93% respectively). Taken 

together, the studies included highlight the potential application for WDs to measure patient 

health status in preoperative assessment, post-operative measurement of recovery, predicting 

overall and cancer-related survival. Each of these applications warrant independent studies to 

investigate the true value of WDs in statistically powered studies. These devices offer the ability 

to collect health data beyond step-count with longer battery lives and this data can be uploaded 

remotely to healthcare providers via 4G and Wi-Fi networks. 

To harness the technological developments in the field, I have started a new prospective 

observational study to monitor patients who are discharged from hospital following major 

surgery with reported re-admission rates of >15% in 30 days. Preliminary results show that 

patients have signs of deterioration >48 hours before they present to A&E departments. The 
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work has been well received, as I have received three competitive research grants to develop 

this work further. Furthermore, I have published the preliminary data in a peer reviewed 

publication and presented it four times at international meetings. 

I have no doubt that wearable devices will improve our collective understanding of surgical 

recovery, and have countless other healthcare applications. My post-doctoral work in the 

coming years will aim to test the application of wearable devices with the ambition to improve 

surgical care delivery for patients. 
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Chapter 1 Introduction 

1.1 Bladder Cancer 

1.1.1 Cost burden and epidemiology 

In 2014, the cost of bladder cancer care in the USA was estimated to be $US4.25 billion and had 

risen over successive years despite the static incidence of the disease[1]. Similarly, the annual 

cost of bladder cancer care in the European Union was estimated to be 4.9 billion euros[2]. 

Bladder cancer has the highest lifetime treatment cost per patient among all types of cancers[3]. 

Bladder cancer is the ninth most common in the world, with over 430,000 new cases diagnosed 

in 2012, and 165,000 bladder cancer deaths[4]. Urothelial cell carcinoma (UCC) is the most 

common type of cancer of the urinary bladder, and is responsible for >8,000 new cases of cancer 

and >4,000 deaths per year in England and Wales. Most of these cases are non-muscle invasive 

(NMIBC) at presentation. About 25% of bladder cancers present as muscle invasive bladder 

cancer (MIBC) which is defined as cancer invading into the detrusor muscle of the bladder wall. 

The 5-year overall survival for patients bladder cancer is 53.7%, but survival rates are worse for 

patients presenting with higher stage disease (down to 35.3% and 27.4% for males and females 

presenting with stage 4 disease)[5].  

The most established risk factor for bladder cancer is tobacco smoking, with a population 

attributable risk of 0.50 and 0.52 for men and women respectively[6]. According to a recent 

meta-analysis by Cumberbatch et al.[7], the relative risk for current smokers is 3.47 (95% CI 3.07-

3.91), and for ex-smokers is 2.04 (95% CI 1.85-2.25). Another significant risk factor is 

occupational exposure, accounting for 5.3% of bladder cancers (7.1% in males and 1.9% in 

females)[8].  

While bladder cancer is nearly four times more common in men than women[9], women are 

more likely to be diagnosed with muscle-invasive bladder cancer (MIBC) at initial diagnosis (85% 
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in women and 51% in men)[10]. Consequently, the female gender is associated with a significant 

negative impact on cancer-specific survival (CSS) among bladder cancer patients[11]. 

1.1.2 Diagnosis, staging and grading 

 Diagnosing bladder cancer 

Painless haematuria is the most common presenting symptom for bladder cancer. Other 

common symptoms include dysuria, polyuria and urgency. Patients with recurrent urinary tract 

infections are at increased risk of bladder cancer[12,13]. Patients with more advanced tumours 

can present with pelvic pain and urinary tract obstruction. Upon presentation, patients are 

referred to secondary care centres for urgent urological assessment as part of the 2-week 

suspected cancer pathway referral process. 

The mainstay of diagnosis is flexible cystoscopy to assess the bladder and imaging to assess the 

upper urinary tract. The choice of imaging, either computerised topography urogram or renal 

ultrasound[14] varies according to whether haematuria is visible or non-visible, as well as the 

age and gender of the patient. In the UK, flexible cystoscopy is performed in patients over 45 

years of age with visible haematuria, and in patients over 60 years of age with non-visible 

haematuria according to national guidelines published by NICE in 2015[15]. If a lesion suspicious 

of bladder cancer is noted on flexible cystoscopy, patients undergo a transurethral resection and 

the specimen obtained is then sent for pathological evaluation. 

 Staging and grading 

The TNM classification’s seventh edition[16] (Supplementary Table 10-1) is used for the staging 

of bladder cancer. This system is used to stage bladder cancer based on pre-operative imaging, 

as well as post-operative histology, denoted by a prefix of ‘c’ and ‘p’ respectively (e.g. cT1a or 

pT1a). Two versions of the WHO grading system[17] are used to grade bladder tumours, and 

both are outlined in Supplementary Table 10-2.  



32 
 

The 1973 WHO system grades tumours by level of de-differentiation, with well differentiated, 

moderately differentiated and poorly differentiated tumours being classified as grade 1, 2 and 

3 respectively. The 2004 WHO system provides detailed architectural and cytological criteria to 

stratify tumours by their malignant potential: low, low-grade and high-grade. 

Although both versions are used clinically, there remains some controversy about which system 

has better prognostic value[18]; The Royal College of Pathologists recommends using both 

systems but acknowledges that the 1973 classification remains in more widespread use[19]. 

1.1.3 Treatment pathway 

Treatment offered depends on bladder cancer staging. Non-muscle invasive bladder cancer 

(NMIBC) is defined as ≤T1 disease and first-line treatment is transurethral resection of the 

bladder tumour (TURBT). Adjuvant therapy is offered on the basis of risk stratification[20]. 

Generally, a single instillation of intravesical chemotherapy is beneficial at the time of TURBT. 

Adjuvant therapy of up to six instillations is recommended for patients with intermediate risk 

NMIBC and adjuvant Bacillus Calmette-Guerin (BCG) for high-risk disease[20].  

For patients who progress to MIBC, there are two main modalities for treatment: RC and radical 

radiotherapy. The decision between the two radical therapies is determined by patient 

preference and fitness for major surgery. In two large studies, Ghoneim et al. reported a 5-year 

overall survival (OS) of 55.5% following RC without chemotherapy[21], whilst a prior publication 

by Stein et al. reported a 5-year OS of 66% in a cohort in which 5% of patients were eligible for 

and received neoadjuvant chemotherapy (NAC)[22]. Prior to RC, eligible patients are offered 

platinum-based NAC. This recommendation is based on a systematic review and meta-analysis 

that showed a 5% OS benefit for NAC after 5 years of follow-up[23]. More recently, novel 

immunotherapy agents have shown activity in late stage disease and are currently being tested 

in trials in the first line setting[24], but more evidence is needed before their adoption into 

routine practice.  
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Radical radiotherapy is offered as an alternative treatment option to surgery. A meta-

analysis[25] of RCTs (Bloom, 1982[26]; Sell, 1991[27]; Miller, 1977[28]) comparing surgery and 

radiotherapy for MIBC reported 5-year OS of 36% and 20% respectively. However, this meta-

analysis draws on historical data, combined various treatment protocols and radiation dose, and 

draws conclusions from a relatively small population with a total of 439 patients. There is no 

large contemporary RCT comparing outcomes between RC and radical radiotherapy, so both 

options are offered to patients eligible for radical therapy. 

1.2 Radical Cystectomy 

RC is the surgical treatment for MIBC and recurrent NMIBC. The procedure can be broadly 

divided into two parts. The first part is an extirpative component, which consists of the removal 

of the urinary bladder, surrounding organs and lymph nodes. In females, this includes anterior 

pelvic exenteration (uterus, fallopian tubes and a component of the anterior vaginal wall) and 

the urethra in females choosing an ileal conduit. In males, this includes the prostate and seminal 

vesicles. RC is completed with removal of lymph nodes to the level of the common iliac vessels 

(standard template) or to the level of aorta bifurcation (extended template). The second part is 

the urinary diversion which can be classified as continent diversion (orthotopic neobladder 

reconstruction or a Mitrofanoff procedure) and incontinent diversion (ileal conduit or cutaneous 

ureterostomy). In the UK, 80.6% of urinary diversions are performed as an ileal conduit[29] and 

a further 6.9% as orthotopic reconstructions. This is however only an average and varies by 

institution. In 2017, approximately 27% of RCs were performed with continent diversion at our 

centre (University College London Hospitals NHS Foundation Trust). 

Traditionally, open radical cystectomy (ORC) has been the approach for both cystectomy and 

urinary diversion performed via a lower midline incision. The first laparoscopic cystectomy was 

described for pyocystis and not bladder cancer, and lymph nodes were not removed (described 

as simple cystectomy). Sánchez de Badajoz et al. [30] described a laparoscopic radical 
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cystectomy (LRC) procedure for a patient with MIBC in which urinary diversion was performed 

as an extracorporeal or open approach. With the introduction of the da Vinci system in 2001, a 

robotic surgical system, there was considerable interest to replicate the principles of ORC and 

LRC using the robotic platform. The robotic approach has since gained popularity in the England, 

with 20.6% of cases performed robotically and 67.8% of cases being performed via open 

surgery[31].   

The robotic approach aims to emulate the keyhole approach of laparoscopic surgery and the 

dexterity of open surgery. The approach to using the robotic platform can be either 

extracorporeal urinary diversion (eRARC) or intracorporeal urinary diversion (iRARC). 

Extracorporeal diversion involves an extra 5 to 7 cm skin incision[32] (muscle splitting incision in 

the right iliac fossa for an ileal conduit and lower midline incision for an orthotopic neobladder) 

to access the small intestine and ureters constructing the diversion similar to open surgery 

following completion of the extirpative component. The intracorporeal approach results in the 

diversion constructed using minimal access techniques without the need for the mini-

laparotomy described in eRARC. Proponents of iRARC highlight potential benefits including less 

bowel manipulation, lack of open incision and retraction with potential for reduced incisional 

pain, decreased bowel exposure and reduced fluid imbalances[33]. 

1.2.1 Morbidity following ORC and RARC 

Parts of this section have been adapted from an article published in the British Journal of Urology 

International describing the results of the RAZOR trial and the ORC vs RARC debate[34]. 

In a study reporting peri-operative outcomes for 1142 patients undergoing ORC, a total of 1637 

complications were reported in 735 (64%) patients within 90 days following surgery. 

Furthermore, 493 (43%) and 428 (37%) patients experienced complications during the index 

admission and following discharge respectively[35]. In total, 153 (13%) patients experienced 

major complications requiring surgical intervention (±general anaesthesia) and intensive care 
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admission, had organ dysfunction, or suffered complications resulting in death, as defined by 

the Clavien-Dindo classification (described in section 1.4.2.3). Of note, this patient group was 

relatively older and co-morbid, with a median age of 68 (IQR: 60-75) years and an ASA grade of 

≥3 in 43% of patients. These findings are largely consistent with other contemporary reports of 

outcomes following ORC, as well as the recently reported RAZOR RCT[36]. 

The interest in RARC and its growth in the last decade stem from the expectation that morbidity 

related to major surgery would be reduced using a minimal access approach. A systematic 

review by Novara et al. comparing ORC and RARC reported 30-day complication rates[37]. 

Interestingly, the complications associated with RARC (46%) were not different to the ORC 

(52%). Robotic surgery has gained a foothold as a standard approach for RC, though not at the 

pace noted in radical prostatectomies (RP). Between 2014 and 2015, a total of 3,742 RCs were 

performed in the UK. The majority of these were open operations, whilst only 25% were robot 

assisted[38]. This data contrasts starkly with that in RP, for which most are robot assisted (79.4% 

of the 7,673 in 2016). Given that most pelvic surgeons have access to robotic facilities, as shown 

by the RP trends, the relatively slower uptake of robotic surgery for RC is surprising. Moreover, 

the fact that RC is a more morbid operation than RP and most patients with bladder cancer are 

less fit than the average man with prostate cancer, mean that reductions in morbidity in this 

cohort will be especially rewarding. 

The ongoing debate regarding the optimal approach for performing RC has merit on both sides. 

ORC is less expensive, whereas RARC offers reduced blood loss and a potentially quicker 

recovery. Four small randomised studies have shown similar complication rates and peri-

operative morbidity[39–42]. One RCT has highlighted that there may be oncological differences 

in terms of recurrence patterns – with ORC having increased distant metastases and RARC 

having increased locoregional recurrence[43]. A single large phase III RCT was designed to 

address oncological outcomes has refuted this[44]. The RAZOR trial randomised 350 patients to 
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ORC or RARC[36]. The two-year overall survival was similar in ORC and extracorporeal RARC 

(eRARC). This data supports the previously non-randomised evidence in terms of oncological 

equivalence[45,46]. Additionally, the authors reported that RARC had longer operating times, 

lower blood loss and lower transfusion rates. No difference in complications was identified, but 

patients undergoing RARC had a shorter length of stay (6 days vs 7 days, p<0.05).  

RARC performed in RAZOR involved an extracorporeal urinary diversion, which means that there 

was a conversion to open surgery for each case. While it would stand to reason that a completely 

minimally invasive approach would provide reduced morbidity and quicker recovery, particularly 

with bowel-related complications such as post-operative ileus, there is ongoing debate on 

whether this effect is notable in currently reported data. Intracorporeal urinary diversion, in 

which the urinary diversion is constructed within the body (i.e. without conversion to open 

surgery), is considered to have theoretical advantages over ORC and eRARC. For instance, there 

is emerging evidence that patients with poor performance status such as reduced 

cardiopulmonary function recover with fewer complications following iRARC [47]. Data from the 

International Robotic Cystectomy Consortium suggests an advantage for iRARC over 

extracorporeal RARC, with lower post-operative complication rates at 90 days. Taken together, 

the observational studies point to the benefits of iRARC, justifying the need for high level 

evidence to determine the benefit of iRARC[48], of which there is currently none. 

Since the exenterative part of both ORC and RARC are the same, there is no expectation that 

RARC will improve on the oncological outcomes of ORC. As shown in the RAZOR trial[36], 

surrogates for quality of surgery and oncological outcomes such as surgical margins, lymph node 

yield and cancer specific survival should be similar to ORC. While the RAZOR trial has addressed 

oncological equivalence of RARC and ORC, this does not sufficiently justify the cost of the 

comparatively expensive robotic platform. 
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ORC appears to have a direct cost advantage of RARC, both in the UK[49] and the USA[50]. As 

no large randomised data is available, this conclusion is based on evidence from data collected 

in prospective observational studies. Ideally, a large RCT which accounts for confounders such 

as learning curve[51], case mix[52] and institutional factors such as volume-outcome 

relationship[53] and failure to rescue[54] is required to address this comparison. Of note, the 

largest portion of the cost for RARC is attributed to robotic equipment and consumables, and to 

a lesser extent the additional increase in operative time[50]. 

The goals of curative surgery are to increase quality of life and improve survival. However, radical 

cystectomy, general anaesthesia and the extended hospital stay cause physiological and 

metabolic disturbances, tissue trauma and an increased post-operative risk of infection. 

Psychological and health-related quality of life measures only return to baseline values after 12 

months[55]. This data must be interpreted with caution, as “baseline” in this case refers to 

patients’ quality of life after the diagnosis of operable bladder cancer. 

I will discuss some of the commonly used metrics used to quantify different aspects of patient 

health status in Section 1.3. 
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1.2.2 Cancer-related outcomes 

The five and ten-year disease-free survival (DFS) following ORC for MIBC is 55.5% and 50.03% 

respectively[21]. DFS and OS are related to pathological stage, with higher stage cancers having 

lower survival rates at both 5 and 10-year time-points. Figure 1-1 (a) and (b) show DFS following 

RC over 10 years, as described by Ghoneim et al[21]. Tumour stage, histological grade and lymph 

node status were found to be the only independent variables which affect survival, with the 

majority of oncological failure (distant or local recurrence) occurring within the first 3 years 

(>90%). Of note, all 1,054 patients in this analysis did not receive neoadjuvant chemotherapy. 

 

Figure 1-1: Kaplan-Meier estimates of (a) disease-free survival and (b) overall survival by tumour 
pathological stage. 

A systematic review and meta-analysis by the Advanced Bladder Cancer Meta-Analysis 

Collaboration reported a 5% OS difference at 5 years. In their interpretation of the findings, the 

authors stated that this 5% difference provides the best estimate of effect in all stage sub-

groups: T1-T2 (55% to 60%), T3 (40% to 45%) and T4 (25% to 30%). A limitation of their meta-

analysis is that the individual studies used different drugs, dosages and regimens, but it serves 

to highlight the importance of neoadjuvant chemotherapy in the treatment of bladder cancer. 

The International Robotic Cystectomy Consortium published five-year survival outcomes of 702 

patients who underwent RARC in 11 institutions, making this the largest published RARC 

cohort[56]. The five-year DFS, cancer-specific survival (CSS) and OS are 67%, 75% and 50% 

(a) (b) 
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respectively. While this data suggests superior cancer control with RARC when compared with 

the data published by Ghoneim et al.[21], it is important to note that this is observational data. 

Hu et al.[57] compared outcomes between patients undergoing RARC (n = 439) and ORC (n = 

7308) and reported no difference in OS and CSS. This data is consistent with the results of the 

RAZOR trial, which reported the non-inferiority of RARC when compared with ORC in measuring 

progression-free survival (PFS). The 2-year PFS was reported to be 72.3% and 71.6% for RARC 

and ORC respectively. 

1.2.3 Institutional factors affecting outcomes 

The three domains of the Donabedian model (structure, process and outcome) are of particular 

interest when comparing outcomes across different centres, because difference in domains in 

‘structure’ and ‘process’ affect comparability. For example, there are variations in ‘structure’ 

domains such as availability of post-operative destinations (monitored bed vs ward), and 

‘process’ domains such as the use of enhanced recovery, anaesthetic regimes and treatment 

protocols.  

In the last decade, there has been an increase in the number of RCs performed in the UK despite 

no increase in the incidence in bladder cancer[29]. This increase is particularly notable in older 

patients, which suggests that more co-morbid patients are now being offered RC as a treatment 

option, as these patients would have been offered only radical radiotherapy in the past. Whilst 

RC is a morbid procedure typically performed in elderly patients with pre-existing 

cardiopulmonary diseases, recent refinements in peri-operative pathway (‘process’) have 

dramatically improved the outcomes from this operation[58]. These include the use of enhanced 

recovery after surgery (ERAS) programmes, centralisation of services into high volume hospitals 

and minimal invasive approaches (discussed in section 1.2.1). 
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 Role of enhanced recovery 

The ERAS programme is a peri-operative programme that aims to deliver an optimal pathway 

(including the pre-operative, intra-operative and post-operative periods) that is focused on 

optimal recovery and quicker hospital discharge for patients. It aggregates incremental gains 

from different optimisations made to the peri-operative period. The ERAS programme has 

shown to be effective in both urological pelvic cancer and colorectal surgery, resulting in 

reduced length of stay with lower re-admission rates, increased numbers of patients being 

treated and better staffing environment[59]. Dutton et al. reported their experience in 

implementing ERAS for ORC, and showed a reduction in length of stay from 14 to 9.2 days, with 

minor and major complication rates of 43.5% and 6.6% respectively[60]v. Julian et al., reported 

a similar experience in Southampton for ORC which noted  a significant decrease in length of 

stay from 14 to 7 days[61]. A meta-analysis of 4048 patients in 22 studies by Williams et al. 

reported that ERAS was associated with reduced morbidity, quicker bowel recovery and shorter 

LOS without affecting mortality. The British Association of Urological Surgeons (BAUS) has 

highlighted the importance of ERAS for RC, outlining pre-operative and referral elements as well 

as peri-operative and post-operative recovery guidance [62], which is similar to the European 

Association of Urology consensus[63]. BAUS adoption of ERAS has helped standardise 

perioperative recovery across UK centres. It represents an important standardisation of 

‘process’ in the UK to collect, analyse and compare outcomes.  

 Effect of centralisation of surgical services 

The 2001 NHS Improving Outcomes from cancer Guidance (IOG)[64] centralised RC into cancer 

centres within each cancer network. This dramatically reduced the number of providers of RC 

and increased the volume of surgery within single teams. Recent data have shown that there 

has been a dramatic improvement in the perioperative outcomes from RC since the 

implementation of IOG. Post-operative 30-day and 90-day mortality rates have halved over the 
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last 10 years[65]. Furthermore, in-hospital mortality (during the same admission as cystectomy) 

has decreased by 60% (absolute difference -2%, p < 0.001). 

There is increasing evidence of a volume-outcome relationship[66] – high-volume centres 

produce better outcomes. This phenomenon is attributed largely to surgical experience, with 

the hypothesis that performing a certain operation repeatedly and frequently improve surgeons’ 

skills as they get past their ‘learning curve’[67]. Leow et al. described outcomes for 49,792 

patients undergoing RC in the USA, and found that high-volume surgeons had significantly lower 

complication rates than low-volume surgeons (OR 0.45, 95% CI 0.31–0.67; p<0.001)[53]. 

Furthermore, dealing with complications effectively is an important aspect of post-operative 

care. Termed as “failure to rescue”, this metric reflects the ability of the surgical team to identify 

and effectively manage complications early and effectively, ensuring that deviations in the 

recovery process are appropriately treated. Even in surgeries where complication rates are 

similar across low and high-volume centres, the ability of a hospital to effectively rescue patients 

from complications is significantly better than lower volume centres. This effect also explains 

why patients are more likely to have worse outcomes if they are re-admitted to a non-index 

hospital following major surgery. This effect has been observed in all surgeries[54] including 

RC[68], and makes a strong case for centralisation of major surgery[69]. 

 Benefits of the robotic platform in surgical training 

Robotic surgery has gained adoption in the last fifteen years. As its adoption has grown, there 

has been a need for training curriculums to be developed specifically for the robotic platform. 

Standardised curriculum have been beneficial in delivering education[70], but have also enabled 

global standardisation of accreditation and certification of surgeons[71]. Robotic procedures 

have been dissected into smaller tasks (termed ‘task deconstruction’), allowing for modular 

training of trainees. This allows for focused familiarisation with specific parts of the operation, 

enabling trainees to learn complex procedures in parts. Furthermore, the robotic platform 
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enhances mentoring and proctorship using dual consoles – this allows the trainee to view the 

operation from the perspective of the trainer, or for the trainer to supervise and take over parts 

of the operation as required[72]. The robotic platform also provides metrics such as economy 

of potion, instrument collision etc to trainees in an objective manner, which can lead to an 

improvement in technical performance[73]. To aggregate the benefits of these and other 

aspects of training, consensus statements and training courses have been designed to 

encourage safe adoption of the robotic platform[74]. While many of these principles are built 

upon the foundations laid by many decades of open surgery, they cannot be replicated in open 

surgery as they are enabled by new technologies built into the robotic platform.  
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1.3 Measuring peri-operative health status 

1.3.1 Peri-operative outcomes after radical cystectomy  

Radical cystectomy (RC) is a morbid procedure. Over 50% of patients experience a complication 

in the first 90 days, and up to 24% of patients experience a major complication[35,75]. Re-

admission rates during the first 90 days are as high as 26.6%, with 19.7%, 10.8% and 3.9% having 

an early (first 30 days), late (31-90 days) and both (early and late) readmissions respectively[76]. 

Open radical cystectomy (ORC) had been the traditional approach for performing cystectomy, 

until interest developed in the robotic minimal-access approach in the last decade. The robotic 

platform purports benefits such as reduced morbidity and quicker return to normal function. 

Although there is evidence attesting to these benefits, the majority is from observational case 

series and there is limited high-level evidence from well-designed studies to support this. When 

comparative trials are combined for meta-analysis, the benefits of RARC are not apparent. A 

systematic review by Novara et al. in 2015[37] reported no difference in high-grade complication 

and mortality rates between ORC and robotic radical cystectomy (RARC), and that morbidity 

with RARC remained high with 30 and 90-day complication rates of 45.7% and 59% respectively. 

These results corroborate with those of a randomised controlled trial (RCT) reported in 2018[36] 

showing no difference in adverse events between RARC and ORC (67% and 69% respectively).  

Despite the lack of high-quality evidence showing objective benefits of RARC over ORC, the 

uptake of RARC has steadily increased and may eventually become the standard surgical 

approach for the treatment of high risk and muscle-invasive bladder cancer.  

1.3.2 Measuring the quality of surgical care 

Morbidity from surgery is a major public health concern with associated health economic impact 

relating to delay in recovery and readmission to hospital. The number of surgical procedures 

undertaken globally has risen from 234.2 million cases[77] in 2004 to 312.9 million cases[78] in 

2012 representing a 33.6% increase in eight years. However, the quality of surgery offered is 



44 
 

highly variable between centres[79,80] and key indicators of quality such as morbidity related 

to surgery are measured in a standardised and well-reported manner. 

The Donabedian model is a tool used to assess the quality of surgery and divides the surgical 

pathway into three components: structure, process and outcome[81]. ‘Structure’ refers to the 

hospital environment in which surgery and peri-operative care is delivered. ‘Process’ accounts 

for the actions of the healthcare team that affect the patient pathway including pre-operative, 

operative, post-operative care. ‘Outcome’ refers to the patient’s post-operative health status, 

including morbidity, mortality and quality of life. 

All three domains are interdependent, and when optimised are instrumental in ensuring a good 

result from surgery. Well-trained staff and available infrastructure such as theatre and necessary 

equipment (structure) are essential for the surgery to be performed and create a platform where 

pathways (process) can be constructed to improve the quality of care. Measurement of outcome 

is therefore instrumental to understand whether ‘structure’ and ‘process’ are working, and 

whether optimisations need to be made to improve patient outcomes. 

In the context of this thesis, the Donabedian model is an essential framework to consider when 

designing a randomised controlled trial (RCT). An RCT allows for the comparisons of ’outcomes’ 

while standardising the ‘structure’ and having different ‘processes’ in the different study arms. 

Additionally, new ways of measuring outcome following surgery will be explored using wearable 

device data. 
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1.3.3 Remit and scope of doctoral work 

The work undertaken in this thesis will focus on the use of wearable sensor devices in measuring 

health status and recovery for patients undergoing RC. Preliminary experiments and systematic 

review will guide the trial design of a phase III RCT to compare ORC and RARC. Subsequently, I 

will use the secondary outcome collected as part of the trial to explore the value of wearable 

device data in measuring health status and exploring correlations with other metrics as well as 

post-operative outcomes. 

Whilst the patient group of interest are those undergoing RC, the results may be generalisable 

to other major index procedures. RC is similar to other major procedures in terms of morbidity. 

Ghaferi et al. reported 30-day mortality and morbidity in 84,730 patients undergoing general 

and vascular surgery in the US.[79] Mortality varied between 3.5% and 6.5% across centres, and 

rates of all complications and major complications were reported as 24.6-26.9% and 16.2-16.8% 

respectively. In a separate study by the same group, 30-day complication rates of 38.9-44.3% 

and mortality rates of 5.3-17.5% were reported for three high risk cancer operations 

(gastrectomy, pancreatectomy and oesophagectomy)[54]. While neither publication reported 

readmission rates, other contemporary reports suggest that patients undergoing major 

abdominal and pelvic surgery have re-admission rates of over 20% in the 90 days after 

surgery[82,83]. 
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1.4 Tools for measuring health status in the peri-operative period 

There are many tools that have been developed to measure health status in the peri-operative 

period. Some commonly used measures of baseline fitness for surgery which will be discussed 

in this section include performance status, cardiopulmonary exercise testing (CPET), tests of 

frailty, and anaemia status. On the other hand, some commonly used measures of post-

operative recovery which are included in this section are length of stay, days alive and out of 

hospital, and complication rates.  

1.4.1 Measures of pre-operative health status 

 Performance status 

All patients preparing for surgery undergo a pre-surgical assessment, which includes checking 

performance status to estimate their ability to cope with the physiological stress of undergoing 

a general anaesthetic and surgery. The American Society of Anaesthesiologists (ASA) physical 

status classification system is the most commonly used measure of performance status, and is 

associated with post-operative mortality[84]. Developed in 1963, it separates patients into 

different risk groups based on severity of systemic diseases. While functional limitations are 

mentioned, the focus is on co-morbidities. The full ASA classification is summarised in Table 1-1. 

ASA 
Classification 

Definition Examples, including, but not limited to:  

I A normal healthy patient Healthy, non-smoking, no or minimal alcohol use 

II A patient with mild systemic 
disease 

Mild diseases only without substantive functional 
limitations. Examples include (but not limited to): 
current smoker, social alcohol drinker, pregnancy, 
obesity (30 < BMI < 40), well-controlled DM/HTN, mild 
lung disease  

III A patient with severe systemic 
disease 

Substantive functional limitations; One or more 
moderate to severe diseases. Examples include (but 
not limited to): poorly controlled DM or HTN, COPD, 
morbid obesity (BMI ≥40), active hepatitis, alcohol 
dependence or abuse, implanted pacemaker, 
moderate reduction of ejection fraction, ESRD 
undergoing regularly scheduled dialysis, premature 
infant PCA < 60 weeks, history (>3 months) of MI, CVA, 
TIA, or CAD/stents.  
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IV A patient with severe systemic 
disease that is a constant 
threat to life 

Examples include (but not limited to): recent (<3 
months) MI, CVA, TIA, or CAD/stents, ongoing cardiac 
ischemia or severe valve dysfunction, severe reduction 
of ejection fraction, sepsis, DIC, ARD or ESRD not 
undergoing regularly scheduled dialysis 

V A moribund patient who is not 
expected to survive without 
the operation 

Examples include (but not limited to): ruptured 
abdominal/thoracic aneurysm, massive trauma, 
intracranial bleed with mass effect, ischemic bowel in 
the face of significant cardiac pathology or multiple 
organ/system dysfunction 

VI A declared brain-dead patient 
whose organs are being 
removed for donor purposes 

  

Table 1-1: Summary of American Society of Anaesthesiologists physical status classification 

The Eastern Cooperative Oncology Group (ECOG) Performance Status has been used to record 

performance status of cancer patients. The main reason for its conception was to standardise 

the recording of performance status of cancer patients in research studies. Unlike ASA grade, 

ECOG grading (summarised in Table 1-2) is based on ability to perform activities of daily living 

(ADLs) and not co-morbidities. While it has not been reported to be related to morbidity or 

mortality, it is often used as a measure of performance status in cancer trials. 

GRADE ECOG PERFORMANCE STATUS 

0 Fully active, able to carry on all pre-disease performance without restriction 

1 Restricted in physically strenuous activity but ambulatory and able to carry out work of a 
light or sedentary nature, e.g., light house work, office work 

2 Ambulatory and capable of all selfcare but unable to carry out any work activities; up and 
about more than 50% of waking hours 

3 Capable of only limited selfcare; confined to bed or chair more than 50% of waking hours 

4 Completely disabled; cannot carry on any selfcare; totally confined to bed or chair 

5 Dead 

Table 1-2: Summary of Eastern Cooperative Oncology Group (ECOG) Performance Status 

 

 Cardiopulmonary exercise testing 

Approximately 30,000 cardiopulmonary exercise tests (CPET) are performed in the UK every 

year. 64% of urology patients and 89.5% of colorectal surgical patients undergo CPET, the most 

frequently tested group of patients[85]. CPET is a non-invasive method used to assess the 

performance of the heart and lungs at rest and during exercise. Patients are consented to walk 

on a treadmill or ride a cycle ergometer with the aim to maximally stress the oxygen transport 
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and use system. Physiological parameters are measured during peak stress. Parameters such as 

low anaerobic threshold (<11 mL/kg/min) and high VE/VC02 (≥33) are used as cut off points for 

high risk of complications following major surgery[86]. As impaired cardiopulmonary reserve is 

associated with post-operative morbidity and increased length of stay[86,87] CPET is therefore 

used routinely in some centres to risk assess patients prior to RC. 

A systematic review by Moran et al. consolidated results from 37 manuscripts reporting the role 

of CPET for risk-assessment prior to intra-abdominal surgery[88]. Thresholds used for risk 

stratification varied between studies and type of surgery, endpoints (e.g. prediction of 90-day 

to 3-year survival, length of hospital admission or post-operative ITU admission) and which 

metrics were used for risk stratification (anaerobic threshold, peak VO2 or VE/VCO2). Moran and 

colleagues concluded that despite these variations, CPET is a useful risk stratification tool that 

can predict post-operative outcomes. For radical cystectomy, the anaerobic threshold (AT) and 

VE/VCO2 are commonly used[86]. 

However, a recent publication by Lamb et al.[47] observed that patients with low 

cardiopulmonary fitness did not have significantly longer length of stay or major complications 

after RARC in their cohort. This study did not have a control group of patients undergoing ORC, 

but the authors hypothesise that the robotic approach may be of particular benefit to patients 

with a low cardiopulmonary reserve. Similarly, a systematic review assessed the value of CPET 

testing in predicting early outcomes after major cancer surgery, and reported that CPET testing 

had mostly poor to average discriminatory accuracy to predict post-operative morbidity in non-

lung cancers. In lung cancer, VO2peak≤15ml/kg/min was associated with an increased risk of 

respiratory complications and death[89]. 

 Tests of frailty 

Pre-operative tests of frailty such as the timed up and go (TUG) test and 30-second chair to stand 

test are used in clinical practice as quick clinical assessments of frailty prior to surgery. As 
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discussed in Section 1.2.3.2, the number of older patients undergoing RC have increased in the 

last decade, and it is important to assess their physiological reserve to undergo the stress of 

prolonged anaesthetic and major surgery. 

In a systematic review by Lin et al., 23 studies using 21 different frailty instruments were 

identified. The Fried Criteria was a popular instrument for measuring frailty, with seven studies 

using it or incorporating it into their frailty assessment. The Fried index[90] consists of five 

criteria – unintentional weight loss, exhaustion, low physical activity, slowness and weakness. 

Despite the large variations in frailty measurement instruments used, high frailty scores were 

found to be associated with increased mortality at 30 days, 90 days and at one-year follow-up, 

as well as post-operative complications and length of hospital stay. 

 Anaemia status 

Pre-operative anaemia and blood transfusion has previously been associated with higher 

morbidity and mortality following major surgery[91–93]. In the current literature, the only 

publication exploring this association is by our research group. Tan et al. reported outcomes on 

166 patients[94] undergoing iRARC as part of a single-centre study. Pre-operative anaemia was 

identified in 72 patients (43%), but no association between pre-operative anaemia and post-

operative complications. However, post-operative blood transfusion was found to be identified 

to associated with all 30-day complications, 90-day complications and 90-day major 

complications.  

Additionally, a systematic review and meta-analysis by Xia et al. identified 17 studies evaluating 

the effect of pre-operative anaemia on outcomes following RC[95]. Data of 4,525 patients from 

9 studies was meta-analysed. While definitions of anaemia varied across different studies (10.5-

13.5 g/dL for male, 10.5-13.4 g/dL for female), anaemia was associated with an increased all-

cause and cancer-specific mortality, as well as disease recurrence.  
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1.4.2 Measures of post-operative recovery 

 Length of stay 

Length of stay (LOS) in hospital is often used as an easily measurable indicator of efficiency. 

Given that hospital stays are expensive, any changes to structure, process or outcome that can 

reduce the LOS can have a big impact on the cost-effectiveness of a treatment or procedure. 

Patients undergoing RARC and ORC in UK high volume centres in 2014-2015 had a median LOS 

of 8 and 11 days respectively[31]. However, LOS while easily measurable is a crude marker which 

only includes the index admission but not any subsequent re-admissions and complications in 

the peri-operative period. As such, it is an insufficient indicator of quality of care. 

 Days alive and out of hospital (DAOH) 

Days alive and out of hospital (DAOH) is a relatively new metric in measuring surgical recovery. 

Instead of measuring only the length of the index admission for surgery, it extends into the peri-

operative period and includes re-admissions to hospital. The mathematical calculation for DAOH 

is as follows: 

DAOH = study duration – index admission length of stay – readmission days 

 Complication rates – the Clavien-Dindo classification 

The Clavien-Dindo (CD) classification of surgical complications was proposed by Clavien et al. to 

standardise the way complications are reported following surgery, in an effort to ease data 

interpretation of surgical outcome[96]. Prior to its conception and acceptance, complications 

were described as minor, moderate, major or severe with varying definitions for each category 

across different surgery types and centres. Complications are collected as per the CD 

classification at 30 days and 90 days post operatively, to arbitrarily divide early post-operative 

complications (0-30 days) from late post-operative complications (31-90 days). Additionally, the 

measurement of a total CD score at 90 days is indicative of all complications in the peri-operative 

period. The CD classification is summarised in Table 1-3.   
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Grades Definition 

Grade 0 No deviation from the normal postoperative course 

Grade I Any deviation from the normal postoperative course without the need for 
pharmacological treatment or surgical, endoscopic and radiological interventions 
Allowed therapeutic regimens are: drugs as antiemetics, antipyretics, analgesics, 
diuretics and electrolytes and physiotherapy. This grade also includes wound infections 
opened at the bedside. 

Grade II Requiring pharmacological treatment with drugs other than such allowed for grade I 
complications. 
Blood transfusions and total parenteral nutrition are also included. 

Grade III Requiring surgical, endoscopic or radiological intervention 

 - IIIa Intervention not under general anesthesia 

 - IIIb Intervention under general anesthesia 

Grade IV Life-threatening complication (including central nervous system complications) 
requiring IC/ICU-management 

 - IVa Single organ dysfunction (including dialysis) 

 - IVb Multi-organ dysfunction 

Grade V Death of a patient 

Table 1-3: The Clavien-Dindo Classification of Surgical Complications 
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1.4.3 Peri-operative Quality of Life (QoL) assessments 

Self-ratings of quality of life are one of the most commonly used measures of health status. 

Unlike the CD system of classifying complications, QoL assessments measure the impact of major 

surgery and recovery process from the perspective of the patient. Validated QoL questionnaires 

can be given to patients pre-operatively and post-operatively to measure any changes in QoL 

having undergone surgery.  

Yang et al. performed a systematic review to determine if differences exist in health-related 

quality of life (HRQOL) outcomes among different types of urinary diversions after RC[97]. A 

total of 32 studies used various bladder cancer-specific and generic questionnaires to compare 

HRQOL of patients undergoing RC. The Short Form (36) Health Survey (SF-36) and European 

Organization for the Research and Treatment of Cancer Quality of Life Questionnaire (EORTC 

QLQ-C30) were the most commonly utilised generic QoL instruments, with ten studies using 

each of them in their design. EORTC Quality of Life Questionnaire for Muscle Invasive Bladder 

Cancer (QLQ-BLM30) and Functional Assessment of Cancer Therapy-Bladder (FACT-Bl) which are 

bladder cancer-specific questionnaires were also used by nine and two studies respectively. The 

commonest comparisons were made between continent diversion and ileal conduit, with 

twenty studies comparing the two groups. They concluded that there is no overall difference in 

overall QoL in patients undergoing continent diversion and ileal conduit during RC, but ileal 

conduit patients have a greater improvement in physical health while continent diversion 

patients had superior emotional function and body image. However, none of the studies 

reviewed offered a comparison of QoL between ORC and RARC. 

A further systematic review by Lauridsen et al. reported HRQOL outcomes as measured in three 

RCTs comparing ORC and RARC[98]. Between the three studies, 4 different HRQOL instruments 

(FACT-Bl, FACT-G, FACTV-CI and EORTC QLQ-C30) were collected at different time schedules in 

all three studies. Overall, only one study identified any difference: Messer at al. found a 2.5 point 
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lower physical well-being score on the FACT-VCI questionnaire in the ORC, but this difference 

was not considered clinically relevant by the authors[99]. Additionally, the study by Messer et 

al. reported results from only 20 patients in each arm (40 in total), so it can be argued that their 

findings are based on a relatively small sample size. A statistically powered comparison of 

HRQOL between ORC and RARC is required to conclude if a meaningful difference exists. 
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1.5 Use of wearable devices in healthcare 

The work undertaken by me in this thesis will be to explore novel application of new technology 

to measure recovery. Specifically, wearable devices have the potential to collect data about 

patient health non-invasively and through passive data collection. Wearable devices come with 

variable features in variable forms. Devices like the Apple Watch (Apple Inc., California) offer 

continuous heart rate tracking, step tracking, ECG and fall detection with a battery life of 

approximately one day. On the other hand, The Misfit Shine (Misfit Inc, California) offers step-

counting and sleep duration measurement, but offers a battery life of up to six months. The 

features offered by these devices can allow for large amounts of data to be collected about a 

patient’s health status. Once a baseline trend has been established, post-operative data can be 

compared to assess return to normal activity. 

The market for wearable technology that can monitor activity and fitness is projected to grow 

to $48.2 Billion by 2023[100]. This is largely owed to their success as a social phenomenon, with 

companies such as Fitbit Inc. allowing users to track their physical activity continuously, and to 

compare their activity levels with their friends and family. Modern wearable devices are capable 

of monitoring physical activity, often include an interface to input lifestyle information such as 

diet. Raw data can be collected on multiple physiological outputs, from movement to heart rate, 

these raw data can be used to calculate step-count, distance travelled, measure sleep duration, 

energy expenditure etc. Modern wearable devices often pair with smartphones, which can 

analyse and translate this data and upload it to the cloud for individuals to view, record and 

monitor their data.  

This surge in popularity has also translated to wearables being utilised in healthcare. For 

example, insurance companies provide their clients with smartwatches capable of activity 

tracking, and offer incentives on the basis of targets[101]. This also allows clinicians the 

opportunity to remotely monitor patients based on objective quantifiable data, even after 
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patients have left their direct care as hospital inpatients. These devices have immense potential 

in the peri-operative setting, where patient mobility and health trends can be monitored after 

discharge from hospital – particularly while patients remain high risk for complications and 

resulting re-admissions. 

There has been growing research interest in this field, but this has mostly focused on chronic 

health conditions. Jakicic et al. conducted an RCT recruiting 471 participants to compare the 

results of a weight loss program with and without a fitness tracker over 2 years[102]. 

Interestingly, they found that patients with the fitness tracker lost less weight over 2-year period 

when compared with the control group. In a different RCT, Finkelstein et al. reported that in 800 

patients, adding a fitness tracker did not lead to an increase in physical activity when compared 

with lifestyle advice (control) but providing monetary incentives did[103]. There is some 

evidence about the use of such devices in weight-loss programs[104], but they have not been 

used in the setting of peri-operative recovery such as prehabilitation or rehabilitation programs.  

Post-operative mobility is an integral part of the enhanced recovery programme discussed in 

section 1.2.3.1, with benefits in minimising risks of basal atelectasis, reducing risk of hospital 

acquired pneumonia, reducing venous thromboembolisms, etc[105]. However, post-operative 

mobility is difficult to quantify, particularly after patients have been discharged from hospital. 

Wearable devices provide an easy avenue to collect objectively measured mobility data from 

patients in hospital as well as after discharge, for goal-setting as part of a rehabilitation 

programme or even remote monitoring to identify mobility and health trends associated with 

complications.  
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1.6 Conclusions 

After a decade of using the robotic platform in RC, there is no consensus on whether it offers 

sufficient benefit over the traditional ORC. Furthermore, local context is important in evaluating 

any treatment, as the costs of pre-operative, operative and post-operative care are varied in 

different models of healthcare[106]. Two trials in the UK have aimed to compare ORC and RARC, 

but both closed before meeting their recruitment or feasibility targets. However, since those 

trials, adoption of RARC increased, and there is an opportunity to open a new clinical trial to 

explore a comparison between the two approaches. 

Traditional endpoints such as length of stay, complication rates and procedure costs may not 

demonstrate differences in recovery between ORC and RARC. In particular, they do not capture 

patient experience, time taken to return to normal activity or account for hospital readmission 

– all of which impact the health economics of RC. Length of hospital stay is traditionally used as 

a metric to measure aspects of recovery and direct costs, but re-admission rates after RC are 

often high, making this inaccurate in assessing the actual cost of peri-operative care. A more 

comprehensive metric such as days alive and out of hospital (DAOH) can be used instead to 

include the total time patients spend in hospital[107]. DAOH accounts for re-admission rates 

post-surgery and can give a more realistic estimate of recovery time. It indirectly measures the 

number of days a patient is hospitalised for, whether that is for the primary admission 

recovering from surgery, or for complications requiring re-admission to hospital. By capturing 

the duration of all hospitalisations, DAOH provides a readily comprehensible summary of the 

treatment difference in two groups [107].  

There are various methods to compare such shorter-term patient experience, recovery and QoL. 

These include operative outcomes, such as time to discharge and post-operative complications, 

and patient reported HRQOL such as WHODAS-2, EORTC QLQ-BLM30 and FACT-VCI. Post-

operative complication rates and QoL-related outcomes can be used to measure patient’s 
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perspectives on their own recovery, as they reflect post-operative return to normal function 

during the peri-operative period. These measure patients’ perception of recovery, which while 

subjective, can be instrumental in comparing the two techniques of surgery.  

With both RARC and ORC, pre-operative assessment is a key component of achieving good 

surgical outcomes. CPET has been used in pre-assessment clinics, but it is unclear whether 

patients with poor cardiopulmonary reserve and co-morbidities like hypertension are at a higher 

risk of post-operative complications [47,86,87]. With the recent availability of wearable devices 

which offer activity tracking, heart rate recording and sleep monitoring, it is becoming easier to 

assess a patient’s pre-surgical activity levels and fitness as well as measure their return to 

baseline function. These devices can be used to quantify mobility across a long time-interval or 

within specified periods after surgery. 

Taken together, these gaps in our understanding of recovery from RC represent an opportunity 

to explore a comparison between ORC and truly keyhole iRARC. Such a trial would need to be 

undertaken in large volume, tertiary centres with established enhanced recovery protocols in 

place, so that both treatment modalities can be compared in an optimal setting.  

In this thesis, I will set out the landscape of the current use of wearable devices in patient-

centred healthcare research. Additionally, I will report on the current understanding of the 

comparison between RARC and ORC in the context of clinical trials. With this information, I will 

embed a fitness-tracker based study into the protocol of a multi-centre RCT in the UK comparing 

the optimal intracorporeal approach for RC (iRARC) vs the gold standard ORC. Using the data 

collected, I will explore the use of wearable devices in measuring health status in patients during 

the peri-operative period. 
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1.7 Aims of thesis 

The aim of this thesis is to explore the role of different metrics in measuring and monitoring 

peri-operative recovery from radical cystectomy. Specifically, I intend to: 

• Undertake a systematic review and meta-analysis of RCTs comparing open and robotic 

cystectomy, including identifying the metrics used to measure recovery from surgery. 

• Undertake a systematic review of use of fitness trackers and wearable devices in 

healthcare research, with the aim to apply this technology to patients undergoing 

radical cystectomy. 

• Complete a series of experiments comparing different wearable devices in measuring 

activity levels. 

• Conduct a prospective observational study collecting patient reported outcome 

measures (PROM) from patients undergoing radical cystectomy. 

• Design a multi-centre RCT comparing recovery from iRARC and ORC, with a sub-study to 

collect activity data using wearable devices 

• Compare tracker data to PROMs and clinical metrics used in the peri-operative period 

following radical cystectomy 

• Assess the impact of recovery in mobility at the end of the peri-operative period (3 

months) in 1-year outcomes  
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Chapter 2 Systematic Reviews
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2.1 Chapter summary 

In this chapter, I will discuss the two systematic reviews that were necessary to understand the 

current evidence for the use of wearable devices and the accepted approaches for radical 

cystectomy, before designing the protocol for the iROC trial.  

In the first systematic review, the aim is to understand the use of wearable devices in healthcare 

research. It sets out to summarise of the type of fitness trackers, metrics, study designs and 

patient populations that have been of interest to researchers, and to summarise their findings. 

Prior to embarking on a fitness tracker-based sub-study in the iROC trial, it informs us of the 

benefits and limitations of different fitness trackers used by other healthcare researchers.  

As the iROC trial aims to compare iRARC and ORC in terms of peri-operative recovery, the second 

systematic review and meta-analysis reports the current landscape of reported RCTs that have 

been performed comparing RARC and ORC. In particular, this systematic review will discuss the 

endpoints and results of the RCTs that have previously reported in this field. While the remit of 

this thesis does not include a comparison between open and robotic cystectomy, this systematic 

review is informative in the design of the iROC trial – which is instrumental to the study design 

of the fitness-tracking sub-study. 
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2.2 Systematic review: The role of wearable devices in healthcare 

2.2.1 Introduction 

The sales revenue for fitness trackers for 2016 was 16.1 billion US dollars in 2016, and is 

projected to grow to $73.3 billion by 2023[108]. This has largely been driven by the consumer 

electronic sector, but their application in healthcare and research has also increased. For 

example, insurance companies provide their clients with smartwatches capable of activity 

tracking, and offer incentives on the basis of targets[101]. By the end of 2015, only 26 studies 

were identifiable on PubMed with the term “fitness tracker” in the title or as a MeSH term. 

In the subsequent two years, an additional 143 manuscripts were published using the same 

search criteria. Despite this growing research interest, fitness trackers have not been 

adopted into clinical pathways. 

Modern fitness trackers are wearable devices capable of monitoring physical activity, and 

data can be collected for multiple physiological outputs such as movement and heart rate. 

This can be used to calculate step-counts, distance travelled, sleep duration, energy 

expenditure etc. In addition, modern fitness trackers can interface with companion devices 

such as smartphones to aggregate, translate and analyse data. Mobile network technology 

can upload data to cloud servers for individuals to view and share. With this ‘smart 

technology’, there is an opportunity for continuous interfacing and interaction between 

patients and clinicians outside of the hospital and clinic environment. 

There is undeniable potential for wearable devices to impact clinical pathways, but evidence 

of their utility in healthcare has yet to be conclusively proven, or even consolidated. In this 

systematic review, we present a comprehensive overview of all published reports of the use 

of fitness trackers in patient-centred research. 

This is a modified version of a manuscript submitted for publication in the PLOS One journal. 
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 Aims 

In this systematic review, we present a comprehensive overview of all published reports of 

the use of fitness trackers in patient-centred research. 

2.2.2 Methods 

 Identification of relevant articles 

An initial systematic literature search was performed in April 2018, and repeated in May 

2019 using the MEDLINE and Web of Science databases with the same search terms. The 

searches included a free-text protocol using the terms fitness trackers in all fields of the 

records for PUBMED and the Topic and Title fields of Web of Science searches. No time limits 

were applied to the searches. Protocols, conference proceedings, animal studies, review 

papers, editorials, population-based studies, case reports and book chapters and extended 

abstracts were included. The reference lists of systematic reviews were searched for further 

relevant articles. All data retrieved from selected studies were recorded in an electronic 

database. All articles were reviewed in accordance with the PRISMA statement. The review 

is registered with the PROSPERO database[109] (CRD42018098993). 

 Study selection 

All studies reporting data collected from fitness trackers issued to patients (step-counts, 

sleep tracking, calorie-count, heart-rate, etc) were included. Studies using objective and self-

reported measures were included. Exclusion criteria were (1) no empirical data collected (2) 

physical activity not measured or not reported (3) the study evaluated or described sensor 

or algorithm (‘technical experiment’) (4) the sensor was not mobile (5) the sensor was an 

implant (6) case reports. 

 Data extraction and quality assessment 

All abstracts and full-text articles were reviewed independently by two authors. Any 

discrepancies were discussed between the two authors. Risk of bias assessment was 
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performed independently by two authors. Any conflicts were resolved by consulting with the 

senior author. The risks of bias assessment was performed for all RCTs and case-control 

studies using the Cochrane RoB 2[110] (Risk of Bias) and ROBINS-I[111] (Risk Of Bias In Non-

randomized Studies - of Interventions) tools respectively.  

 Data synthesis and analysis 

A data extraction proforma was developed to include (1) study type (RCT, case-control, 

cohort, cross-sectional, etc;) (2) Fitness tracker used (brand and model) (3) Patient group or 

inclusion criteria (4) summary of study objectives (5) Metrics collected (6) sample 

characteristics (number of participants, age, gender). Based on this data, a further analysis 

of the trackers used in this study was performed using publicly available published 

information regarding device specifications – company, device model, in-built display, 

placement (wrist, ankle, waist etc), measurements (steps, heart rate, etc), size, weight, 

software, battery life and local data storage duration (number of hours or days the device 

can store data without syncing to a companion device). 

 

2.2.3 Results 

 Summary of search results 

A total of 412 records were retrieved during the initial database search as set out in the 

PRISMA diagram in Figure 1. After screening titles, 61 duplicates were identified and 

removed. Of 351 abstracts, one non-English abstract was excluded. Full-text versions of the 

remaining 350 articles were screened, and 313 articles were excluded. A total of 37 articles 

representing 63 unique studies met the inclusion and exclusion criteria. We identified a 

further 23 study protocols of which 17 are randomised controlled trials ( Figure 2-1) and as 

such are not included in the analysis. 
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The risks of bias in the 23 included RCTs were variable. Seven studies had had an overall low 

risk of bias in all five domains assessed, while an additional seven were at a high overall risk 

of bias. Of the 6 case-control studies, three had low risk in all seven domains assessed. 

Further details of the risk of bias assessment are available in Supplementary Table 10-3 to 

Supplementary Table 10-7. 

 

 Figure 2-1: PRISMA chart outlining selection of studies using fitness trackers for health 
research 
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 Study characteristics 

Of 63 total studies, 23 randomised controlled trials, 21 prospective cohort studies, 6 

prospective case-control studies, 8 cross-sectional studies, 3 qualitative studies and 2 

retrospective studies were identified. Results of these studies are summarised in Table 2-1.  

 

. Only one study published[112] by the end of 2015, and 26 studies were published in 2017, 

reflecting an exponential increase in research relating to fitness trackers in healthcare. The 

number of subjects recruited to individual studies varied largely and ranged from 7 to 2113 

patients. Overall, the median study size was 45, with an interquartile range of 29-147 

participants. Of note, 5(7.9%) studies were completed on a paediatric population[113–117]. 
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 No. Author, year Fitness tracker Patient group/ 
Inclusion criteria 

Metrics collected Sample (n; age; gender) Study objective Summary of conclusions 

Randomised controlled trials 

1 Tran, 2017[118] Yamax SW-200 Metabolic 
Syndrome 

Step-count Intervention: 175; 57.6, SD 4.9; 
31M, 144F 
Control: 162, 57.2, SD 4.9; 35M, 
127F 

Health promotion activities improve 
physical activity levels and dietary 
behaviours 

Intervention group showed significant 
increases in moderate intensity activity, 
walking and total physical activity, and a 
decrease in mean sitting time 

2 Takahashi, 
2016[119] 

Omron HJ-112 Overweight Step-count 130; 63, SD 15; 36M, 94F Feasibility and preliminary efficacy of 
activity trackers to prevent weight 
gain 

Pedometer use and goal-setting did not 
improve step-count 

3 Valle, 2017[120] Withings Pulse Breast cancer 
survivors 

Self-monitoring of exercise 
behaviour 

Control: 11; 52.4, SD 11.1; 11F 
Intervention: 13; 52.6, SD 9.4; 13F 
Intervention + Control: 11; 52.2, SD 
6.9;13F 

Effects of activity intensity awareness 
in reducing blood glucose 

Fitness tracker group had the best weight 
control, followed by weighing scale alone, 
and then control. Both intervention groups 
would recommend the program 

4 Miyauchi, 
2016[121] 

MT-KT01 Terumo Diabetes Step-count, time spent on 
physical activity 

Activity monitoring: 92; 62.7, SD 
9.2; 72M, 20F 
Pedometer: 95; 62, SD 10.6; 54M, 
41F. 

Feasibility of undertaking a definitive 
trial to investigate the effectiveness of 
STAK-D 

The group with the activity tracker that 
displays information on exercise intensity 
showed a significantly lower HbA1C by 2 
months post-intervention compared to the 
pedometer group 

5 Gordon, 2017[122] Fitbit Charge HR Back Pain Step-count, calories, 
sedentary minutes, lightly 
active minutes, fairly active 
minutes, very active 
minutes 

19; 51 +/- 17; not stated 
9 Fitbit, 8 Pedometer 

Efficiency of activity tracker and online 
weight loss programme in losing 
weight 

Significant difference in Fitbit group 
compared to pedometer group, but no 
change in body composition after 6 weeks 

6 Thomas, 2017[123] Activelink Obese Level of physical activity 
(using METS) 

Control: 86; 54.9, SD 11.3; 17M, 
69F 
WLP: 94; 55.1, SD 11.5; 17M, 69F 
WLP + FT: 91; 54.9, SD 11.9; 22M, 
69F 

Evaluate online weight loss program 
(WLP) +/- fitness tracker (FT) 

WLP alone group outperformed WLP + FT 
and control groups in terms of weight loss at 
3 and 12 months. 

7 Li, 2017[124] SenseWear Mini Knee Osteoarthritis Time spent on physical 
activity 

Immediate: 17; 52.3, SD 9.7; 3M, 
14F 
Delayed: 17; 58.7. SD 6.0; 3M, 14F 

Effect of pedometer use and 
behavioural goal setting with physical 
therapist, either immediately or 
delayed  

Immediate intervention group improved in 
moderate to vigorous physical activity time 
compared to the delayed intervention group 

8 Jakicic, 2016[102] BodyMedia FIT Core Overweight Activity intensity Treatment: 237; Median 31.0, IQR 
27.4-33.3; 69M, 168F 
Control: 233; Median 30.9 IQR 
28.0-33.9; 67M, 166F 

Effect of fitness tracker use on weight 
loss 

Significantly less weight loss in the wearable 
device group 

9 Williams, 
2017[125] 

Fitbit® Flex™ Haemodialysis Step-count, duration of 
sleep 

Intervention; 15; 56, SD 13; 9M, 6F 
Control: 14; 48, SD 15; 11M, 3F 

Measure physical activity levels and 
sleep in feedback (intervention) and 
observation (control) group 

Haemodialysis patients in a suburban 
population have lower activity levels than 
those in an urban population. Providing 
feedback did not increase activity 

10 
 

 

Han, 2016[126] Fitbit® Flex™ Haemodialysis Step-count, distance, sleep 
duration 

Intervention: 14; 52, SD 12; 6M, 8F 
Control: 15; 53, SD 10; 10M, 5F 
 

Measure physical activity levels in 
feedback (intervention) and 
observation (control) group 

Providing feedback (intervention group) did 
not increase activity 
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11 Lynch, 2019[127] Garmin Vivofit 2 
(intervention arm - 
continuous)  
ActiGraph GT3X+ and 
ActivPAL (both arms for 
1 week at start and end 
of study)  

Post-menopausal 
breast cancer 
survivors 

Step-count, MVPA, 
Sedentary behaviour 
 

Intervention: 43; 61.3, SD 5.9 
Control: 40, 61.9, SD 7.0 

Evaluate the efficacy of a three-part 
intervention (goal-setting, wearable 
device, behavioural counselling) to 
increase MVPA and reduce sedentary 
behaviour 

Significant difference favouring intervention 
group after 3 months: intervention arm had 
higher MVPA, reduced sitting time  

12 Smith, 2019[128] Fitbit Flex 
Fitbit One 

Obese patients 
after total knee 
arthroplasty (TKA) 

Resting heart rate 
6MWT 
QoL (WOMAC) 

Intervention: 24; 63.9, SD 9.7; 64.5 
SD 8.2; 10M, 14F 
Control: 24; 64.5, SD 8.2;  

To assess the impact of a 16-week 
home-based resistance and aerobic 
training on exercise tolerance and QoL 

Patients in both study arms improved 
function and QoL. Trackers did not improve 
programme compliance.  
Patients more comfortable with technology 
felt it added value, and patients who did not 
engage with technology regularly found the 
additional information unhelpful  
 

 13 McNeil, 2019[129] Polar A360 
ActiGraph GT3X+ 

Breast cancer 
survivors 

MVPA 
VO2max 

Higher intensity: 15; 58, SD 10; 15F 
Lower intensity: 15; 58, SD 9; 15F 
Control: 15; 60, SD 9; 15F 

To prescribe different physical activity 
(PA) intensities using activity trackers 
to increase PA, reduce sedentary time, 
and improve health outcomes among 
breast cancer survivors. 

Both intervention groups had an increase in 
MVPA, VO2max at 12 weeks.  

14 Falck, 2018[130] Fitbit Flex Knee Osteoarthritis MVPA, METs, Sedentary 
behaviour 

Intervention: 30; 61.73, SD 9.40; 
8M, 22F 
Control: 31; 62.61, SD 8.54; 3M, 
28F 

To assess the efficacy of biweekly 
physical activity counselling and 
fitness tracker in improving cognitive 
function and physical activity 

While this intervention increased MVPA and 
improved QoL among patients, no 
improvement in cognitive function 

15 Varas, 2018[131] OMRON Walking Style 
X Pocket HJ‐320e 

COPD Step-count Intervention: 21; 69.5, SD 7.4; 18M, 
3F 
Control: 19; 64.8, SD 9.1; 13M, 6F 

To assess the impact of an 8-week 
pulmonary rehabilitation programme 
on exercise capacity and steps/day at 
2,3 and 12 months  

Intervention arm had significantly improved 
exercise capacity, and QoL at all timepoints. 
Significant correlation between increased 
activity level, improved exercise capacity 
and QoL 

16 Duscha, 2018[132] Fitbit Charge Cardiac 
rehabilitation (CR) 
patients 

Step-count Intervention: 16; 59.9, SD 8.1; 13M, 
3F 
Control: 9; 66.5, SD 7.2; 6M, 3F 

To evaluate if a mHealth program 
(telephonic coaching) can sustain 
increment in physical activity levels 
achieved during CR. 

physical activity increase following CR 
completion is sustainable using health 
coaching, as measured by fitness trackers. 

17 Phan, 2018[113] Fitbit Flex P Obese adolescents Step-count 
MVPA 

Intervention: 43; 14.7, SD 1.2; 13M, 
30F 
Control: 45; 15, SD 1.4; 14M, 31F 
 

To assess the impact of providing 
fitness trackers to caregivers in terms 
of satisfaction, utilization patterns and 
physical activity levels. All adolescents 
given a fitness tracker 

Adolescents who used tracker had higher 
daily steps than those who didn’t. Despite 
high satisfaction, tracker dropout was high 
(68%). Dropout was higher in patients whose 
carers stopped wearing tracker 

18 Van der Walt, 
2018[133] 
 

Garmin Vivofit 2 Total hip 
arthroplasty (THA) 
and total knee 
arthroplasty (TKA) 

Step-count Intervention: 81; 67, SD 9; 45M, 
36F (52THA, 29TKA) 
Control: 82; 66, SD 9; 36M, 46F; 
(43THA, 39TKA) 

To determine if feedback from activity 
monitor improves activity levels 
during 6 weeks after TKA and THA. 

Intervention group had significantly higher 
activity levels after TKA and THA over 6 
weeks and 6 months. 

19 Orme, 2018[134] ActiGraph wGT3X-BT COPD Step-count 3 arms (education, education + 
feedback, control)  
All patients: 33; 71, SD 20; 47M, 
23F 

To assess the feasibility of delivering a 
program developed to reduce 
sedentary behaviour at home for 
COPD patients. 

52% patient retention at 2 weeks, main 
reason for dropout was being overwhelmed 
following exacerbation. Feasible study, but 
needs modification to improve retention 
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20 
 

Katz, 2018[135] Fitbit Zip (intervention) 
Jawbone Up (all 
groups; no display) 

Rheumatoid 
Arthritis 

Step-count Pedometer+ targets: 34; 50.2, SD 
14.1; 4M, 30F 
Pedometer + self-monitoring: 34; 
55.9, SD 12.4; 4M, 30F 
Education only (control): 28; 59.1, 
SD 12.4; 4M, 24F 

To test the effect of a pedometer-
based intervention on increasing 
physical activity and decreasing 
fatigue among individuals with RA. 

Both pedometer groups, with and without 
step targets, achieved higher step-counts 
than control.  

21 Kooiman, 
2018[136] 

Fitbit Zip Type 2 diabetes 
mellitus 

Step-count 
MVPA 

Intervention: 40; 56.8, SD 11.4, 
unknown 
Control: 32; 55.8, SD 11.4, 
unknown 

To determine the efficacy of an online 
self-tracking program on physical 
activity and HbA1c 

Self-tracking of physical activity improved 
physical activity, but no significant 
difference in BMI or HbA1c 

22 Kanai, 2018[137] Fitbit One Ischaemic stroke Step-count Intervention: 23; 66.8, SD 10; 15M, 
8F 
Control: 25; 62.9, SD 9.1; 13M, 12F 

To evaluate the effect of 
accelerometer-based targets on 
physical activity 

Intervention group had significantly higher 
physical activity than control at study 
completion (hospital discharge) 

23 Mitchell, 
2019[138] 

GENEActiv wrist-worn 
accelerometers  

Sedentary adults LPA, MVPA Intervention: 85; 51.7, SD 12.8; 
23M, 62F 
Control: 86; 49.5, SD 12.2; 14M, 
72F 

To evaluate the effectiveness of a 12-
week online-delivered walking 
intervention 

Increased LPA and MVPA, and decreased 
sedentary time in both groups during 
intervention period. At six months, only LPA 
difference favouring intervention group. By 
twelve months, no difference in all metrics 

Prospective cohort study 

24 Rossi, 2018[139] Fitbit Alta Endometrial cancer Step-count 35; 62, SD 9 To evaluate acceptability and validity 
of device for endometrial cancer 
survivors, compare data with GLTEQ 
questionnaire 

Devices were well accepted. Self-reported 
physical activity not associated with 
recorded steps. Tracker data suggests this 
cohort is insufficiently active. 

25 Marthick, 
2018[140] 

Misfit Shine Cancer patients Step-count 
 

 

49; 54, SD 11; 11M, 38F To evaluate the feasibility, usability, 
and acceptability of an interactive 
Web portal developed to support 
patients with cancer to increase daily 
physical activity levels. 

40/49 patients completed intervention, with 
higher participation with more health 
professional contact groups. 

26 Xue, 2018[141] SIBET CAS in-house 
multi-sensor device 

Parkinson’s Disease Movement (triaxial 
acceleration and angular 
velocity) 

29; 67.5, SD 7.0; 17M, 12F To assess the relationship between 
patient-reported motor symptoms 
and device-measured sleep quality 

Number of turns in bed correlated with 
patient reported sleep symptoms as well as 
total sleep time 

27 Thijs, 2019[142] Fitbit Charge HR Patients 
undergoing 
coronary artery 
bypass surgery 

Step-count 
Physical activity levels 

Robotically assisted minimally 
invasive coronary artery bypass 
(RA-MIDCAB): 10; 68 (55, 83); 9M, 
1F. Conventional off-pump 
coronary artery bypass (OPCAB): 
12; 69 (50, 82); 10M, 2F 

To compare physical activity in cardiac 
rehabilitation using wearable fitness 
trackers in patients undergoing OPCAB 
and RA-MIDCAB 

Number of steps and physical activity level 
measured by the Fitbit Charge HR were 
trending to be higher in RA-MIDCAB patients 
compared to OPCAB patients, but this 
relationship was not statistically significant. 

28 Knight, 2018[143] Patient choice of 
trackers (Fitbit, 
Garmin) and platforms 
(Misfit, HealthKit, 
Moves, MyFitnessPal 
and Strava) 

Psychological 
distress 

Daily activity duration 53; 20.7, SD 3.2; 12M, 41F To assess if early identification of 
warning signs from digital footprints 
could facilitate adaptive monitoring 
and care for individuals with common 
mental disorders. 

Continuous monitoring using commercial 
apps and wearables is feasible. Daily activity 
duration was greater from wearable devices 
compared to smartphone. Increase in 
entropy of daily activity related to higher 
anxiety symptoms 

29 Heale, 2018[114] Misfit Flash P Juvenile Idiopathic 
Arthritis 

METs 
MVPA 

31; 15.1 (IQR 12.8-18.6); 8M, 23F To determine the feasibility of a 
wearable activity tracker intervention, 
and estimate variability in response to 

All patients synchronised data to companion 
smart watch and completed study 
measurements. 72% of activity period 
logged on average  
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a tracker intervention on physical 
activity levels 

30 Champ, 2018[144] Misfit Shine Breast Cancer 
patients receiving 
adjuvant 
radiotherapy 

Step-count 10; 68 (IQR 52-79); 10F To study the change in activity levels 
and sleep using a wearable device in 
patients undergoing radiotherapy. 

Patients had a statistically significant change 
in steps, distance and calories, but not 
clinically significant (54 steps, 0.02 miles and 
3 calories per day) 

31 Nyrop, 2018[145] Fitbit Zip Breast Cancer 
receiving adjuvant 
or neoadjuvant 
chemotherapy 

Step-count 127; 48.3, SD 9.4; 127F To assess adherence to an exercise in 
women who were asked to walk 
150 min/week throughout 
chemotherapy 

79% of women had analysable data, 19% 
were adherent with the target of 6686 
steps/day, and additional 24% were 
moderately adherent. 

32 Van Leuteren, 
2018[146] 

ProMove‐3D 
accelerometer 

COPD Physical activity 
Step-count 

35; 65 (IQR 59-70); 23M, 12F To investigate the relationship 
between dynamic hyperinflation (DH) 
and physical activity (PA) 

No significant correlation identified 
between parameters describing DH and PA, 
but significant correlation between static 
hyperinflation and PA. 

33 Osadnik, 2018[147] Actigraph 
DynaPort 
SenseWear 

COPD Step-count 236; 65, SD 8; 178M, 58F 
 

To measure the effect of pulmonary 
rehabilitation on baseline exercise 
tolerance and changes in physical 
activity using wearable devices and 6-
minute walk distance (6MWDi) 

Proportion of PA responders greater in 
higher 6MWDi group, and 6MWDi is the 
strongest predictor of PA improvement 

34 Le, 2017[148] Fitbit One Cancer survivors levels of physical activity 19; 24.5, SD 5.8; 5M, 14F feasibility, patient preferences and 
beliefs regarding physical activity 

Fitness tracking is feasible, but no changes in 
preferences after using fitness trackers 

35 Wilson, 2017[149] Not stated P Overweight Daily calorific expenditure, 
physical activity 

20; 16.8, SD 1.2; 8M, 12F Feasibility and receptivity of a 
community-based group fitness 
program 

Patients were receptive to fitness trackers & 
goal-setting, with positive effects on weight, 
blood pressure etc. 

36 Shen, 2017[150] ActiGraph GT3 Heart Failure (HF) Heart rate 40; 54.4, SD 11.7; 30M, 10F Using heart rate and physical activity 
recordings to assess chronotropic 
response during exercise stress test  

Wearable tracker could help identify HF 
patients with impaired chronotropic 
response 

37 Klassen, 2017[115] Fitbit One, Step Watch 
Activity Monitor 

Stroke Step-count 21; 55, SD 10; not stated Accuracy of activity monitors during 
inpatient stroke PT sessions 

Fitbit One placed on ankle can accurately 
measure steps in stroke patients 

38 Kroll, 2017[151] Fitbit Charge HR Intensive Care Unit Heart rate, sleep 50; 64; 26M, 24F Feasibility of activity tracker among 
patients recovering from critical illness 

98.8% and 69.5% sensitivity and specificity 
of tachycardia detection, good correlation 
between wearable derived sleep data and 
questionnaire data 

39 Hooke, 2016[152] Fitbit One P Acute 
Lymphoblastic 
Leukemia (ALL) 

Step-count (level of 
physical activity) 

16; 7.69, SD 3.1, 5M, 11F Feasibility and efficacy of activity 
trackers in increasing physical activity 
and decrease fatigue  

Fitbit coached children showed a non-
significant increase in daily steps during ALL 
treatment 

40 Pérez-Alenda, 
2018[153] 

Fitbit Charge HR Haemophilic 
arthropathy 

Step-count, distance per 
day, duration of activity 

7; Median 36.0, IQR 29.5- 44; not 
stated 

Quantify daily physical activity in 
patients with haemophilic arthropathy 

Feasible to quantify physical activity of 
arthropathic patients, patients remain 
physical active while on treatment 

41 Abrantes, 
2017[154] 

Fitbit Charge, Fitbit Alta Depressed alcohol-
dependent 

Step-count 20; 39.5, SD 10.6; 20F Develop a lifestyle physical activity 
intervention 

Fitbit was worn on 73% of days, patients 
reported increase in using physical activity 
to cope with withdrawal 

42 Gardner, 
2017[155] 

StepWatch3 Peripheral Artery 
Disease 

Number of strides (step-
count), Time spent walking 

244; 65, SD 10; 49M, 195F Amount and pace of walking is 
associated with circulating antioxidant 
capacity 

Walking > 2440 strides and faster than 31.6 
strides/min for 30 minutes/day associated 
with greater circulating antioxidant capacity 

43 Sievi, 2017[156] SenseWear Pro™ Chronic Obstructive 
Pulmonary Disease 

Time spent on physical 
activity 

178; Median 64, IQR 60-69; 119M, 
59F 

Accelerometer vs questionnaire in 
measuring physical activity levels 

No significant relationship between patient-
reported and objectively measured activity 



70 
 

44 Cook, 2017[157] Fitbit® Flex™, 
Actiwatch2 

Major Depressive 
Disorder 

Total sleep time, sleep 
onset latency, wake after 
sleep, sleep efficiency 

21;26.5, SD 4.6; 4M, 17F Estimate sleep in patients with major 
depressive disorder 

In the normal setting, overestimated sleep 
time and efficiency 

Prospective case-control 

 
45 

Jacquemin, 
2018[158] 

Withings Activité Pop Rheumatoid 
Arthritis and Axial 
Spondyloarthritis 

Step-count, proportion of 
morning steps, duration of 
total activity, level of 
physical activity 

RA: 83; 49.9, SD 12.9; 14M, 69F 
AS: 74; 43.3, SD 10.4; 43M, 31F 
Controls: 19; 45, SD 11; 8M, 11F 

Compare physical activity between 
patients with rheumatoid arthritis 
(RA) and axial spondyloarthritis (AS) 

Activity levels similar in both patient groups, 
good adherence to fitness trackers by 
patients 

46 Van’t Hul, 
2016[159] 

DynaPort®  
MoveMonitor® 

Bronchial asthma step-count, energy 
expenditure, daily time 
(minutes) spent doing 
physical activity 

Patients: 226; 27.3, SD 15.3; 86M, 
140F 
Controls: 201; 42.3, SD 16.3; 49M, 
152F 

Compare physical activity between 
adults with bronchial asthma and 
apparently healthy controls 

Bronchial asthma patients have a significant 
lower physical activity compared to healthy 
controls 

47 Peacock, 
2017[160] 

SenseWear Armband 
model MF-SW 

Vertebroplasty Step-count, sleep 
efficiency, total sleep time, 
levels of activity 

Patients: 15; 70.1, SD 11.6; 8M, 7F 
Controls: 4; 70.5, SD 17.8; 0M, 4F 

Determine the correlation between 
patient-reported outcomes, 
quantitative activity metrics at 
baseline and at 30 days 

No significant correlations between 
reported main, disability scores and activity 
monitor data were identified 

48 Glaviano, 
2017[161] 

Fitbit Charge HR Patellofemoral pain 
(PFP) 

Step-count, Time spent 
(minutes) on physical 
activity 

Patients: 20; 22.2, SD 2.6; 5M, 15F 
Controls: 20; 20.8, SD 1.8; 5M, 15F 

Identify activity levels in patients with 
and without PFP 

Daily activity for patients with PFP are 
significantly less than controls. This 
relationship correlates with patient-filled 
questionnaire scores (subjective function)  

49 Colón-Semenza, 
2018[162] 

Fitbit Zip Parkinson's disease Mean Step-count, time 
spent on physical activity as 
part of training program 

Patients: 5; 63.4, SD 2.1; 3M, 2F 
Controls: 5; 64.6, SD 4; 3M, 2F 

Feasibility, safety, and acceptability Remote peer coaching is feasible, safe and 
acceptable, 4/5 patients had increased daily 
step counts after coaching 

50 Kuenze, 2019[163] ActiGraph wGT3X-BT ACL reconstruction 
(ACLR) 

MVPA Male Healthy: 22; 20.4, SD 1.7 
Male ALCR: 25; 20.8, SD 2.6 
Female healthy: 33; 20.6, SD 1.8 
Female ALCR: 34; 20.1, SD 2.1 

To investigate the effects of sex as a 
modifier of MVPA following ACLR 

No significant difference in odds (X2 = 2.33, 
OR = 2.13, CI95 = 0.80–5.69) of meeting 
national physical activity guidelines for 
males, but significantly worse for females 
(X2 = 4.18, OR = 2.54, CI95 = 1.03–6.27) 
undergoing ACLR vs controls 

Cross-sectional studies 

51 Ezeugwu, 
2017[164] 

activPAL3 Micro Stroke Sleep duration, levels of 
physical activity (step-
count) 

30; 63.8, SD 12.3; 17M, 13F Sleep duration, sedentary behaviour, 
physical activity and QOL after 1 
month of rehabilitation 

Stroke patients sleep longer, are more 
sedentary & engage in minimal walking 

52 Byakika-Kibwika, 
2015[112] 

not stated Hospital inpatients  Not stated 57; 35.6, SD 15; 31M, 26F Validation of consumer fitness in 
hospital 

With effective hospital-patient partnerships, 
fitness trackers can be implemented for 
inpatients 

53 Gordia, 2017[116] Yamax Digi- Walker 
SW-200  

P Obese (abdominal 
obesity) 

Step-count 1044; 11.6, SD 3.3; 456M, 588F Develop cut-off points for pedometer-
determined step count, analyse the 
capacity of previous 
recommendations to discriminate 
abdominal obesity 

Universal step-count recommendation for 
young people may not be adequate 

54 Simpson, 
2017[165] 

Any Eating Disorders 
(ED) 

Health-tracking technology 
use (Y/N) 

495; 345F, 20.3 SD 3.5 ; 148M, 21.0 
SD 6.0 

Associations between the use of 
calorie counting and fitness devices 
and eating disorder 

fitness tracking was uniquely associated 
with ED symptomatology after adjusting for 
gender, and binging and purging behavior 
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55 Voss, 2017[117] Fitbit Charge HR, 
Actigraph (GT3, GT9) 

P Congenital Heart 
disease (CHD) 

step-count, physical 
activity intensities 

30; 13, SD 2.2, 14M, 16F Validity of commercial trackers in 
children 

Trackers enable remote monitoring of 
physical activity in CHD, but absolute values 
might differ from accelerometers 

56 Wang, 2017[166] Actical version B‐1 
(model 198‐0200‐03) 

Diabetes Physical activity levels 
using step/min (step-
count) 

1669; not stated; not stated Association between activity levels 
and cardiovascular risk factor control 

Reducing sedentary time but not moderate-
to-vigorous activity is associated with 
improved CVD control 

57 Dauriz, 2018[167] SenseWear Armband Type 2 Diabetes Daily physical activity (step-
count) 
Energy expenditure 

41; 62 (52.5-67); 24M, 17F To assess if daily physical activity 
(DPA) is associated with beta-cell 
function (BF) and/or insulin sensitivity 
(IS) in patients with T2DM at time of 
diagnosis 

Moderate levels of DPA and total EE are 
independent predictors of IS after adjusting 
for age, sex and BMI 

58 McKenna, 
2018[168] 

SenseWear Pro3 
Armband 

Rheumatoid 
arthritis 

Total sleep time 
MVPA 

75; see below; 28M, 47F 
Age groups - <50: 15, 50-59: 15 
60-69: 30, 70-79: 15 

To observe the relationship between 
total sleep time (TST) and physical 
activity (PA) in RA patients. 

Higher PA positive associated with longer 
TST, but negatively correlated with 
functional limitations and CRP levels 

Qualitative studies 

59 Nguyen, 2017[169] Fitbit One, Jawbone Up 
24, Garmin Vivofit 2, 
Garmin Vivosmart, 
Garmin Vivoactive, 
Polar A300 

Breast Cancer 
Survivors 

Qualitative study 14; not stated; not stated Acceptability and usability of 
commercial activity tracker 

Trackers increased self-awareness and 
motivation, were well accepted 

60 Chum, 2017[170] Fitbit One Depression Qualitative study 36; 53, SD 12.35; 18M, 18 F Understand patients' perceived 
benefit from Fitbit and patient's 
experiences 

Positive experiences: self-awareness, peer 
motivation & goal setting 
Negative themes: inconvenience, 
inaccuracies & disinterest 

61 Randriambelonoro, 
2017[171] 

Fitbit One Diabetes & Obese Step-count 18; not stated; 7M, 11F Patient's expectations, influence of 
lifestyle and long-term health 
decisions 

Patient expectations of a fitness tracker 
change. If the device is able to meet 
expectations, it can help motivation 

Retrospective studies 

62 Painter, 2016[172] Fitbit Overweight Step-count 6-month group: 1387; not stated; 
581M, 806F 

Weight-loss outcomes High performers were more likely to weigh 
in, wear the activity tracker and walk more  

63 Painter, 2017[173] Fitbit Overweight Step-count, Activity minute 2113; 44.5, SD 10.72; 860M, 1253F Identify the significant contributors to 
weight loss 

Regular weight checks, high activity minutes 
and regular food logs were associated with 
significant weight-loss 

PPaediatric patient population 
MVPA = Moderate to vigorous physical activity, LPA = Light physical activity, WOMAC = Western Ontario and McMaster Universities Arthritis Index, GLTEQ = Godin Leisure-Time Exercise Questionnaire 

Table 2-1: Summary of published research studies including study type, devices used, inclusion criteria, metrics, sample characteristics, summary of 
objectives and conclusion 
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 Type and model of devices 

A total of 41 fitness trackers were used in the 63 studies and technical specifications are 

summarised in Table 2-2. The most frequently used provider of wearable devices for research 

was Fitbit Inc (San Francisco, California), with 27 (42.9%) of 63 studies using one of the following 

Fitbit models – One, Charge, Charge HR, Flex, Alta, Zip, and 2 unnamed models. Other device 

manufacturers included Actigraph, Activinsights, ActivPAL, BodyMedia, Dynaport, Garmin, 

Jawbone, Misfit, Omron, Ortho Innovations, Philips Respironics, Polar, ProMove, Sensewear, 

Weight Watchers & Philips, Withings and Yamax. 

Step-count was the most commonly employed metric and used for 40 (63.5%) studies. Only 

three studies specifically mentioned the collection of heart rate, but studies such as Gordon et 

al. and Pérez-Alenda et al. reported exercise intensity calculated on the basis of heart-rate 

ranges[122,153]. It is important to consider that some studies collected sleep duration/quality 

[125,126,151,157,160,164] and calories burnt[122,149], but the devices have no reliable way to 

measure these data. Instead, they are surrogated estimates based on heart rate 

(photoplethysmogram) and movement (gyrometer and accelerometer) data.  
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No Company Device 
Movement 
sensor Type 

Steps 
on 
display? 

Placement 
Measurements (steps, heart 
rate, etc) 

Size in mm 
(height x 
width x 
thickness) 

Weight 
(g) 

Software 
Battery 
Life 

Local 
data 
storage 
duration 

1 Actigraph GT3 
3-axis 
Accelerometer 

No Hip, Wrist 

Steps, heart rate, physical 
activity intensity, body 
position, energy expenditure, 
sleep time, active time, 
sedentary time, METS 

46 x 33 x 15 19 
Actigraph for 
iOS, android 

Up to 25 
days 

180 days 

2 Actigraph wGT3X-BT 
3-axis 
Accelerometer 

No  

 Hip, 
Wrist, 
Ankle, 
Thigh 

 Steps, heart rate, physical 
activity intensity, body 
position, energy expenditure, 
sleep time, active time, 
sedentary time, METS 

33 x 46 x 15 19 
Actigraph for 
iOS, android 

Up to 25 
days 

180 days 

3 Actigraph GT9 
3-axis 
Accelerometer 

Yes Hip, Wrist 

Steps, heart rate, physical 
activity intensity, body 
position, energy expenditure, 
sleep time, active and 
sedentary time, METS 

35 x 35 x 10 14 
ActiLife Mobile 
or PC 
connection 

up to 14 
days 

180 days 

4 Actigraph GT3X+ 

3-axis 
Accelerometer 

   Hip, Wrist 

Steps, heart rate, physical 
activity intensity, body 
position, energy expenditure, 
sleep time, active and 
sedentary time, METS 

33 x 46 x 15 19  ActiLife Mobile 
or PC 
connection 

 Up to 31 
days 

Up to 42 
days 

5 Actigraph Unspecified                   

6 
Activinsights GENEActiv 

3-axis 
Accelerometer No Wrist 

 Sleep, activity intensity, raw 
movement data  43 x 44 x 13 16 

 PC USB 
connector   

 Up to 60 
days 

7 ActivPAL 3 Micro 
3-axis 
Accelerometer 

No               

8 ActivPAL Unspecified                   
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9 BodyMedia FIT Core 
3-axis 
accelerometer 

No Arm 
Distance, skin temperature, 
heat flux, galvanic skin 
response, sleep data 

25.4 x 76.2 x 
50.8 

113.4 
Windows, Mac, 
Android, iOS 

Up to 6 
days 

  

10 Dynaport 
Move 
Monitor 

3-axis 
Accelerometer 

No 
Lower 
back 

Steps, distance 
85 x 58 x 
11.5 

55 USB link to PC 7 days 
204 
hours 

11 Fitbit Flex 
3-axis 
Accelerometer 

No Wrist 
Steps, distance, sleep, energy 
expenditure, hourly activity 
and stationary time 

31.7 x 8.9 x 
6.8 

23.5 
Fitbit for iOS, 
android and 
windows 

up to 5 
days 

30 days 

12 
Fitbit One 

3-axis 
Accelerometer 

Yes 
Waist, 
Chest 

Steps, distance, energy 
expenditure, active minutes, 
floor climbed 

5.1 x 20.3 x 
55.8 

7.9 
Fitbit for iOS, 
android and 
windows 

up to 10 
days 

23 days 

13 Fitbit Charge 
3-axis 
Accelerometer 

Yes Wrist 

Track steps, distance, calories 
burned, floors climbed, active 
minutes, hourly activity & 
stationary time 

21mm 
width 

22.7 
Fitbit for iOS, 
android and 
windows 

Up to 10 
days 

30 days 

14 Fitbit Charge HR 
3-axis 
Accelerometer 

Yes Wrist 

Steps, distance, energy 
expenditure, floor climbed, 
active minutes, heart rate, 
hourly active time, stationary 
time 

20.8 x 2.0 x 
1.0 

22.7 
Fitbit for iOS, 
android and 
windows 

up to 5 
days 

30 days 

15 Fitbit Atla 
3-axis 
Accelerometer 

Yes Wrist 

Steps, distance, energy 
expenditure, active minutes, 
hourly activity and stationary 
time 

width 
15mm 

29 
Fitbit for iOS, 
android and 
windows 

up to 5 
days 

30 days 

16 Fitbit Unspecified                   

17 Fitbit  Zip 
3-axis 
Accelerometer 

Yes 
Waist, 
Chest 

Steps, distance, sleep, energy 
expenditure 

28 x 9.7 x 
35.5 

7.9 
Fitbit for iOS, 
android and 
windows 

4-6 months 23 days 
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18 Garmin Vivofit 2 Accelerometer Yes Wrist 
steps, calories, distance, 
sleep 

25.5 x 10 25.5  
Garmin app for 
iOS, Android 

More than 
1 year 

  

19 Garmin Vivosmart Accelerometer Yes Wrist Steps, calories, distance 34.4 x 3.5  18.7 
Garmin app for 
iOS, Android 

7 days 4 weeks 

20 
Garmin Vivoactive 

GPS smartwatch 
with 
accelerometer 

Yes Wrist 
Steps, sleep, calories, 
distance, time, goals 

43.8 x 38.5 x 
8.0 

38 
Garmin app for 
iOS, Android 

10 hours to 
3 weeks 

14 days 

21 Jawbone Up 24 
3-axis 
Accelerometer 

No Wrist 
Steps, activity, calories, 
distance, sleep 

139.7 x 50.8 
x 50.8 

20 iOS 14 days   

22 
Misfit Shine 

3-axis 
Accelerometer 

No Wrist Steps, distance, sleep, 
energy expenditure 

30.5 x 
30.5 x 8 

8.5 Misfit for iOS 
(Companion) 

Up to 6 
months 

4 weeks 

23 
Misfit Flash 

3-axis 
Accelerometer 

No Wrist Steps, distance, sleep, 
energy expenditure  28 x 28 x 8  6 

Misfit for iOS 
(Companion) 

Up to 6 
months 

4 weeks 

24 
Omron  HJ 112 

2-axis 
Accelerometer 

Yes Waist 
Steps, distance, energy 
expenditure, active minutes, 
stride length 

15.2 x 53.3x 
35.5 

82.2   
Up to 6 
months 

7 days 

25 
Omron  HJ-320E 

 3-axis 
accelerometer  Yes  Hip 

 Step, count, distance, 
calories  75 x 31 x 8  19.8  None 

Up to 6 
months  7 days 

26 
Ortho 
Innovations 

StepWatch3 
Pedometer 
(unspecified) 

 No Ankle  Steps  75 x 50 x 20  38 
 Windows, Mac 
with dock 

Up to 7 
years 

2 months 

27 
Ortho 
Innovations StepWatch 

Pedometer 
(unspecified) 

 No Ankle  Steps  75 x 50 x 20  38 
 Windows, Mac 
with dock 

Up to 7 
years 

2 months 

28 

Philips 
Respironics 

Actiwatch 2 
Solid-state 
"Piezo-electric" 
accelerometer 

No Wrist 
Sleep pattern, activity 
pattern 

43 x 23 x 10 16 
Actiwear for 
windows, USB 
compatible 

Up to 30 
days 

30 days 
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29 
Philips 
Respironics 

Actical 
omni-directional 
accelerometer 

No 
Waist, 
wrist, 
ankle 

Steps, energy expenditure, 
physical activity 

29 x 37 x 11 

16 
(w/o 
band), 
22g 
with 
band 

ActiReader for 
Windows, USB 
compatible 

    

30 Polar A300 
3-axis 
accelerometer 

Yes Wrist 
steps, distance, burned 
calories, calories, sleep  

12.7 
thickness 

48 
Windows and 
Mac 

4 weeks 60 days 

31 
Polar A360 

 Unspecified 
accelerometer  Yes  Wrist 

 Steps, heart rate (active), 
distance, speed, calories 

 13.5 
thickness 

 31.7 – 
37.3 

 Polar Flow for 
iOS and 
Android  12 days 

 

32 ProMove 3D 
 Accelerometer, 
gyrometer No 

Not stated 
– versatile 

Movement and 3D 
orientation     

 Intertia Studio 
(Windows, 
Mac, Linux)     

33 Sensewear Pro 
3-axis 
Accelerometer 

No Triceps  Temperature, steps     
Innerview for 
Windows 

    

34 Sensewear Armband 
3-axis 
Accelerometer 

No Arm  Temperature, steps           

35 Sensewear Mini 
3-axis 
Accelerometer 

                

36 SIBET 

CAS (in-
house 
design)                   

37 Terumo MT-KT01 
3-axis 
Accelerometer 

Yes 
Waist, 
Chest 

steps, distance, active 
minutes 

63.0 x 36.5 x 
14.0 

22 
    

7 days 

38 
Weight 
watchers & 
Phillips 

Activelink 
3-axis 
Accelerometer 

No 
Waist, 
wrist, 
chest 

Exercise intensity, exercise 
duration 

    
USB link to PC 3 weeks   
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39 Withings Activité pop 
3-axis 
Accelerometer 

No Wrist 
Steps, distance, calories, 
sleep 

36.3 x 11.5 35 
Health Mate 
app for IOS and 
Android 

up to 8 
months 

  

40 Withings Pulse 

3-axis 
Accelerometer 

 Yes Wrist 

 Steps, distance, elevation 
gain, calories, exercise 
intensity, heart rate, SpO2 43 x 22 x 8 8 

Health Mate on 
iOS and 
Android 

 Up to 2 
weeks 

Up to 11 
days 

41 Yamax SW200 
Mechanical 
pedometer 

Yes Waist Steps 50 x 38 x 14 21   
up to 3 
years 

Up to 6 
days 

Table 2-2: Summary of fitness trackers used by healthcare studies and their technical specifications 
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 Summary of findings 

2.2.3.4.1 Randomised-controlled trials 

Among the twenty-three randomised controlled trials, nine had a focus on patients with 

metabolic syndrome and associated conditions such as diabetes and obesity 

[102,113,118,119,121,123,128,136,138]. The overarching aims of these studies was either 

to test the value of adding wearable devices to lifestyle modification in improving outcomes, 

to use wearable devices to measure compliance with lifestyle modification regimens, or to 

assess change in activity-related metrics of an intervention. The results of the studies are not 

in consensus regarding the value of wearable devices in improving outcomes, possibly due 

to differing endpoint measures used in the trials: Tran et al.[118] reporting increase in 

activity intensity, Takahashi et al.[119] reporting step-count improvement, Miyauchi et 

al.[121] and Kooiman et al.[136] reporting change in HbA1C, Thomas et al.[123], Jakicic et 

al.[102] reporting weight loss, Smith et al. reporting change in 6MWT and quality of life . 

While Tran et al.[118] and Miyauchi et al.[121] reported the fitness tracking group had better 

outcomes, Takahashi et al.[119] and Thomas et al.[123] concluded that patients in the 

control group outperformed the intervention group with the fitness trackers. In RCTs which 

fitness trackers were used to measure a change instead of deliver an 

intervention[113,118,138], compliance was high and offered an objective comparison 

between the different trial arms. 

Three RCTs assessed the value of adding fitness tracker with or without an additional 

intervention as a means of increasing physical activity – in patients with metabolic 

syndrome[118], in breast cancer survivors[120], patients with back pain[122] and knee 

osteoarthritis[124]. In all four studies, the fitness tracker group performed better than the 

control. However, the RCT by Gordon et al. [122] recruiting 19 participants with back pain 

reported that while there was significant difference in physical activity, no change in body 

composition was noted after six weeks. This finding was similar to the findings by Kooiman 
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et al.[136] which reported that an online self-tracking program with a fitness tracker 

significantly increased physical activity in 72 patients with type 2 diabetes mellitus, but this 

did not result in a significant change in BMI or HbA1c at 3 months. In contrast, a larger RCT 

by Miyauchi et al. reporting data from 187 patients reported that HbA1c in the tracker group 

was significantly lower in the fitness tracker group at 2 months. This difference in finding 

could be attributed to the larger sample size, or a more appropriate intervention in the 

treatment arm. 

Two manuscripts described RCTs recruiting haemodialysis patients. Han et al.[126] 

compared haemodialysis patients who were given feedback on their fitness tracker-

measured activity against patients who were asked to wear a device but not given any 

feedback. Their findings showed no difference, but patients in both arms reported that they 

considered physical activity more important after the study period. Williams et al. [125] also 

published the results of an RCT recruiting haemodialysis patients in urban and suburban 

neighbourhoods, and found that the suburban group had lower activity levels than the urban 

counterparts. Both manuscripts appear to be published by the same research group. 

2.2.3.4.2 Prospective cohort studies 

In total, twenty-one prospective cohort studies were identified. Of these, nine studies aimed 

to assess non-clinical aspects of fitness tracking: feasibility[140,148,153], patient 

acceptability [114,139,145,149], device accuracy[115], compliance[154], accuracy in 

measuring sleep[157]. All studies reported that patients were able and willing to use these 

devices and data collected was accurate, except Cook et al.[157] who reported that the Fitbit 

Flex overestimated sleep time and efficiency in 21 patients with major depressive disorder. 

Shen et al.[150] reported the results of a study that recruited 40 patients with heart failure, 

and collected heart-rate as a metric from the ActiGraph GT3 tracker with an aim to use it to 

assess chronotropic response during exercise test. They concluded that heart rate 
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measurements could be used to identify heart failure patients with impaired chronotropic 

response. Kroll et al. performed another study focusing on heart rate detection, and reported 

that the Fitbit Charge HR had a sensitivity and specificity of 98.8% and 69.5% in detecting 

tachycardia respectively in 50 patients admitted to intensive care unit. Additionally, they 

reported that tracker-obtained sleep data corelated well with patient reported 

questionnaire data. In contrast, Sievi et al.[156] compared data collected from patient 

reported questionnaires and fitness trackers and concluded that there was no significant 

relationship between sleep and a patient reported questionnaire when quantifying physical 

activity. 

Gardner et al.[155] recruited 244 patients with peripheral artery disease, in a study aiming 

to correlate amount and pace of walking with circulating antioxidant capacity based on 

blood-testing. Dividing the patients by daily strides into tertiles, they found that patient in 

the medium and high tertiles groups were associated with a higher circulating antioxidant 

capacity. They conclude that walking more than >2440 strides per day and walking at a 

cadence faster than 31.6/minutes for 30 minutes each day are both associated with greater 

antioxidant capacity in patients. These findings could be applied to an intervention to assess 

if this is a causal relationship, and can be tested in a future randomised controlled trial. 

Hooke et al.[152] reported one of the five studies recruiting paediatric patients. Their patient 

population consisted of 16 patients with acute lymphoblastic anaemia. They were issued 

Fitbit One devices and provided coaching. After completing the coaching, children had a non-

significant increase in daily steps. Heal et al. reported another study on a paediatric 

population, in which they recruited 31 patients with juvenile idiopathic arthritis (JIA) to 

assess if an adolescent population group would comply with fitness tracker use. They 

reported that all patients synced some data by wearing the smart watch and completed 

study measurements. In total, 72% of activity period was logged by the smart watch data. 
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2.2.3.4.3 Prospective Case-control studies 

In total, six prospective case control-studies have been published. Two manuscripts reported 

results of activity monitoring studies recruiting patients with joint pain, with Glaviano et 

al.[161] recruiting patients with patellofemoral pain, and Jacquemin et al.[158] recruiting 

patients with rheumatoid arthritis and axial spondyloarthritis. Glaviano et. al[161] concluded 

that patients with patellofemoral pain are significantly less active than normal controls, and 

this relationship correlated well with their patient reported questionnaire scores. On the 

other hand, Jacquemin et al.[158] compared daily activity of rheumatoid arthritis, axial 

spondyloarthritis patients and healthy controls, and concluded that patients with both 

conditions had similar activity levels, which were reduced compared to the healthy controls. 

Van’t Hul et al.[159] performed a similar experiment with bronchial asthma patients, and 

arrived at a similar conclusion: that patients with bronchial asthma have reduced physical 

activity when compared to a normal control cohort. 

Two studies reported recovery after surgery, Peacock et al. [160](patients post-

vertebroplasty) and Kuenze et al.[163], in patients undergoing vertebroplasty and anterior 

cruciate ligament reconstruction respectively. In the study by Peacock et al., Patients were 

asked to wear an armband activity tracker, score their pain and fill out a disability 

questionnaire at baseline, and again at 30-days post-operatively. No correlation was 

identified between pain scores, disability scores and step-count. This could suggest that 

fitness tracking data is providing an additional dimension to surgical recovery than what is 

available from current patient-reported outcome measures and pain scores. In the study by 

Kuenze et al., MVPA was the endpoint of choice. Across 47 male and 67 female patients, they 

found that female patients undergoing ACL reconstruction were less likely to meet their 

national physical activity guideline targets after surgery when compared with normal 

controls, but this finding was not noted in their male counterparts. 



82 
 

Colón-Semenza, et al.[162] published a study focusing on goal-setting in Parkinson’s disease 

patients. They employed a remote peer coaching in a cohort of 5 patients, while offering 

standard of care to the control arm. They concluded that in this group of patients, remote 

peer coaching is well-accepted and feasible, and majority of patients had increased activity 

after peer-coaching. This effect was not observed in the control population. 

2.2.3.4.4 Cross-sectional studies 

Seven cross-sectional studies were conducted in patients with stroke[164], acute illness[112] 

(hospital inpatients), obesity[116], eating disorders[165], congenital heart disease[117], 

diabetes mellitus[166,167] or rheumatoid arthritis[168]. Ezeugwu et al.[164] monitored 

activity in patients following stroke and reported reduced activity and longer sleep duration 

by comparison to healthy controls, even after one month of rehabilitation. While it seems 

plausible that patients have less activity a month after having a cerebrovascular event, no 

comparison group was included to assess if rehabilitation had an effect on activity levels. 

Simpson et al.[165] surveyed patients with eating disorders (EDs), and reported that patients 

with ED are more likely to engage with a fitness-tracking device after adjusting for gender 

and ED-associated behaviours. Wang et al.[166] reported the results of the largest study in 

which 1669 diabetic patients provided fitness-tracking data, and showed that reducing 

sedentary time was associated with a reduction in HbA1c and triglyceride levels, which are 

associated with improving cardiovascular disease (CVD) risk. They also showed that 

increasing moderate-to rigorous activity did not affect CVD risk. Similarly, Dauriz et al.[167] 

reported that moderate levels of physical activity and total energy expenditure are 

independent predictors of insulin sensitivity in 41 diabetic patients. However, they did not 

study or report a relationship with CVD risk. McKenna et al.[168] reported sleep time and 

physical activity in 75 patients with rheumatoid arthritis. Their results showed that higher 

positive activity is associated with longer total sleep tight, but also correlates negatively with 

functional limitations and CRP levels. The remaining three studies did not have clinically 
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oriented aims[112,116,117], but tested feasibility or were conducted to develop activity 

thresholds which may be meaningful in future studies or tested validity of trackers in a 

specific patient population. 

While cross-sectional studies are not often practice-changing, they can be hypothesis-

generating. For instance, findings by Ezeugwu et al.[164] regarding stroke patients could be 

applied to a larger cohort of stroke patients in a randomised setting. Similarly, patients with 

rheumatoid arthritis can be set movement goals based on their functional limitation scores 

and CRP levels on the basis of the work by McKenna et al.[168]. 

2.2.3.4.5 Qualitative studies 

Three qualitative studies were identified in the literature, recruiting breast cancer 

survivors[169], patients with depression[170] and obese diabetic patients[171]. Nguyen et 

al.[169] recruited 14 breast cancer survivors, to understand the acceptability of commercially 

available fitness trackers in this group of patients. The patients were issued two to three 

randomly assigned trackers from six available models, and the cohort reported an increase 

in self-awareness and motivation relating to physical activity after using fitness trackers. They 

concluded that patients had preferences over which trackers they preferred, and choosing 

an appropriate tracker is a key component in designing studies involving activity monitoring. 

Chum et al.[170] issued the Fitbit One tracker to 36 patients with depression, and reported 

that 23 (63.9%) patients found the device helpful in their physical activity, with increased 

self-awareness, peer motivation and goal-setting. However, negative themes regarding 

inconvenience, inaccuracies and disinterest were also noted. Of note, prior familiarity with 

technology and goal-setting were not associated with any perceived benefit from tracker 

use. Randriambelonoro et al.[171] conducted a qualitative study to understand patient 

expectations of fitness trackers and concluded that patient expectations of fitness trackers 
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change with tracker use, but that if these expectations are met, devices can be used to 

increase motivation to adhere to a more active lifestyle.  

2.2.3.4.6 Retrospective studies 

Both retrospective studies were performed by the Painter et al. [172,173] from Retrofit, Inc. 

and explored the use of a tracker within a weight-loss program in patients with body mass 

index (BMI) of over 25 kg/m2. In the first study[172], the aim was to determine the 

effectiveness of a 6-month commercial weight-loss program which required participants to 

wear a step-tracker and weigh themselves regularly. Participation in a weight loss program 

itself was found to be effective, with 51.9% of participants losing 5.21% of weight. As a single 

arm retrospective study, it was not possible to account for confounding factors when 

assessing the causal relationship between fitness tracker use and weight-loss. In the second 

study[173], the authors attempted to identify factors contributing to weight loss and found 

that participants who weighed themselves regularly, had longer higher-activity time, 

engaged more with web-based coaching conversations were more likely to lose weight. The 

authors concluded that patients who are more motivated are more successful at losing 

weight, and using a fitness tracker may be an indicator of higher motivation.  
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2.2.4 Discussion 

The lack of concordance between RCTs in the value of adding fitness trackers to lifestyle-

modification programs is an important finding. Among the nine studies reporting a fitness-

tracker paired lifestyle intervention for patients with metabolic syndrome or associated 

conditions [102,113,118,119,121,123,128,136,138], four reported a benefit to using fitness 

trackers[102,113,118,121], one found that patients performed better without a fitness 

tracker[123] and two found no difference[119,128]. In the two remaining studies, Kooiman 

et al found an improvement in physical activity in patients with type 2 diabetes mellitus but 

not a change in BMI or HbA1c, and Mitchell et al. reported that while a tracker-assisted 

intervention did increase physical activity, this change was not sustained 9 months after the 

completion of the 3-month programme. Furthermore, a large RCT by Finkelstein et al.[103] 

recruiting 800 healthy volunteers found that while tracker use did increase moderate-to-

vigorous activity, this effect did not translate a change in outcomes such as blood pressure 

and heart rate at one year. In the same trial, giving financial incentive was found to be the 

most effective method in increasing physical activity, but this effect was not sustained after 

incentives were discontinued. These trial findings suggest that even in cohorts where 

trackers increased physical activity, the increase in physical activity did not have a direct 

impact on the change of a health-related metric such as BMI, glycated haemoglobin (HbA1c) 

or blood pressure. 

The commonest patient group was overweight and obese patients, with ten studies 

recruiting these patients. The primary aims of eight studies were to test the role of fitness 

trackers and self-monitoring in weight-loss programs, but their objectives varied: assessing 

acceptability of tracker use, measuring changes in behaviour by measuring step-counts, and 

assessing weight loss during the study period. Of note, there were two studies recruiting 

obese patients as one of their inclusion criteria: adolescents[113] or patients undergoing 

total knee arthroplasty[128], and investigated the effect on involving patients/guardians in 
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using a fitness tracker and impact of a home-based training programme respectively. The 

next commonest group was patients with joint pain or recent orthopaedic surgery. Most 

studies had different aims to those monitoring overweight and obese patients, as the aims 

were to quantify physical activity and not to improve mobility. The study by Li et al. [124] was 

an exception, where patients with knee osteoarthritis were randomised to immediate 

intervention with pedometer use and physiotherapist-led goal-setting, compared with 

delayed intervention. Other conditions which were the focus of multiple studies were: cancer 

(9), respiratory conditions (6), substance abuse and mental health (5) and diabetes (4). 

Four studies recruited patients who had undergone surgery[128,133,142,160,163], to 

monitor and track their recovery progress. Four of these studies were performed on patients 

undergoing Peacock et al.[160] recruited 15 patients who underwent vertebroplasty, and 

measured their activity levels at baseline and at 30 days post-operatively. Early mobilisation 

is an important part of the surgical recovery process, and fitness trackers provide an avenue 

to measure the recovery progress. During the hospital admission, patients have known to 

benefit from an enhanced recovery programs[174], but this goal-setting and monitoring 

stops when patients are discharged. Fitness trackers could provide this information, and it 

could serve as a valuable triage tool for patients who are not recovering as expected.  

In addition to the studies reported in this systematic review, twenty-three study protocols 

were also identified for ongoing or unreported studies during our literature search. 

Seventeen (73.9%) of these protocols were for RCTs. In contrast, twenty-three (36.5%) of the 

sixty-three studies included in this systematic review are RCTs. While it is difficult to predict 

if RCT protocols are more likely to publish than non-randomised studies, this trend could be 

reflective of the increased uptake of fitness trackers, and therefore a shift in more robust 

study designs to evaluate their value in various settings. 
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2.2.5 Conclusions 

Fitness trackers are an important technological advancement, which have given consumers 

the ability to directly track and monitor their own physiological output. While newer devices 

offer many different health-related features, they are only available at the expense of 

battery life. It is only a matter of time before these become an integral tool in the healthcare, 

particularly in the remote monitoring of patients outside the hospital setting. Despite the 

promising applications of fitness trackers in goal-setting, rehabilitation and remote 

monitoring, more evidence is required to prove their benefit in improving patient outcomes.  
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2.3 Systematic review and meta-analysis of Randomised Controlled Trials 

comparing Robotic Assisted Radical Cystectomy vs Open Radical 

Cystectomy 

2.3.1 Introduction 

Before embarking on a randomised controlled trial in the field of radical cystectomy, it is 

important to understand the work that has been done so far, and also to be familiar with the 

metrics which are used in these comparisons. 

The primary objective is to review published randomised controlled trials comparing RARC 

and ORC that have been published in the peer-reviewed literature, and gain an 

understanding of the commonly used metrics used to offer a comparison. The overarching 

aim of my PhD is to setup and successfully recruit for a randomised clinical trial comparing a 

different technique of RARC (iRARC) that have been performed in previous trials. Therefore, 

in this section, I will discuss the findings of my systematic review. This is a modified version 

of a manuscript published in PLOS One journal[175]. The manuscript’s 1st author is Dr Tan 

Wei Shen, and I (2nd author) was involved in both the data curation as well as the writing of 

the manuscript. 
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2.3.2 Methods 

 Search Strategy 

A systemic search of the literature was performed in MEDLINE/PubMed, Embase, Web of 

Science and clinictrials.gov databases up till 10th March 2016. The following keywords and 

MeSH terms were used: (bladder cancer OR transitional cell carcinoma OR urothelial cell 

carcinoma OR urinary bladder cancer OR urinary bladder neoplasm OR urinary bladder tumor 

OR urinary bladder tumour OR urinary bladder carcinoma) AND (cystectomy OR 

cystoprostatectomy OR bladder resection) AND (robotic OR da vinci OR robotic-assisted OR 

robotic assisted) AND (open) AND (randomised OR randomized). Only studies published in 

English were included. All conference abstracts, review articles, editorials, comments, letters 

to the editor and duplicate records were excluded.  

The inclusion criteria for eligible studies were: 1) RCTs and 2) comparisons between ORC and 

RARC for bladder cancer. The exclusion criteria were: 1) non-English studies and 2) 

conference abstracts, literature reviews, editorials, comments, and letters to the editor. 

Abstracts and full text articles for eligible studies were independently screened by two 

authors. When there was a discrepancy, the study was discussed with a third author. The 

PRISMA flowchart is shown in Figure 2-2. Risk of bias for each study was assessed by two 

authors independently using the Cochrane ‘risk of bias table’, which is included in 

Supplementary Table 10-8. 

 Data extraction 

The following data were extracted from studies which met the inclusion criteria: 

Patient demographics: Age, gender, body mass index (BMI), American Society of 

Anesthesiologists (ASA) score, type of urinary diversion, pathological T staging, previous 

pelvic or abdominal surgery and use of neo-adjuvant chemotherapy (NAC).  
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Perioperative variables: Estimated blood loss (EBL), blood transfusion requirement, 

operative time, length of hospital stay (LOS), quality of life (QoL) assessment and 90-day 

postoperative complications. Complications were classified according to the modified 

Memorial Sloan-Kettering Cancer Center (MSKCC) Clavien-Dindo (CD) system[35]. Minor and 

major complications were defined as CD I-II and CD III-IV respectively. 

Oncological variables: Cystectomy histopathological tumour and nodal stage (according to 

2002 TNM classification) [176], positive surgical margins (PSM), mean lymph node yield and 

positive lymph node status.  

 Statistical analysis 

The meta-analysis was conducted using Review Manager software v.5.3 (Cochrane 

Collaboration, Oxford, UK). The weighted mean difference (WMD) and odds ratio (OR) were 

used to compare continuous and dichotomous variables respectively. For studies presenting 

continuous data as median and range or interquartile range (IQR), mean and standard 

deviation was calculated according to methodology described by Hozo et al.[177].  

Study heterogeneity was assessed for each outcome using Cochrane’s χ2 test, with p<0.10 

indicating evidence of heterogeneity. Degree of heterogeneity was quantified using the I2 

statistic, with I2 ≥25% indicating substantial heterogeneity. A random-effect model was used 

to attempt to account for significant heterogeneity. Statistical significance was set at p<0.05 

in all tests.  
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2.3.3 Results 

 Characterisation of studies 

One-hundred and seventy-six citations were identified from the database search (Figure 2-2). 

After screening of citations, 16 full text studies were reviewed and six manuscripts from five 

RCTs were met the inclusion criteria[39–42,99,178]. No published data was available for one 

RCT which closed early due to poor recruitment [178]. The remaining four RCTs contributed 

to 239 patients (RARC: 121, ORC: 118). Four RCTs reported perioperative complications [39–

42], three studies reported QoL data [39,42,99], one study reported oncological outcomes 

[42] and one performed cost analysis [39]. One of the four studies had a third group treated 

with laparoscopic cystectomy and this group was not included in the analysis [42]. 
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Figure 2-2: PRISMA diagram outlining selection of articles in the systematic review 

 

 Patient demographics and clinical characteristics 

Patient demographics and clinical characteristics are shown in Table 2-3 & Table 2-4. There 

was no baseline difference for RARC and ORC patients in age, sex, BMI, ASA and T-stage in 

all four studies. Three studies excluded patients with extensive previous abdominal surgery 

and one study did not specify this [40]. Similarly, data from three studies reported no 

difference in NAC use and data was not available in one study [39].  
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Urinary diversion from the robotic group of all four RCTs were performed by an 

extracorporeal approach. More patients underwent ileal conduit urinary diversion (113 

patients vs 86 patients) compared to neobladder, even though there were a similar number 

of neobladders were reconstructed between RARC and ORC groups (RARC: 42, ORC: 44). One 

study did not report type of urinary diversion constructed [41]. 
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First author 
and 

reference 

Recruitme
nt 

Count
ry 

Primary end 
point 

Number of 
patients, ORC/ 

RARC 

Male sex, 
ORC/ 
RARC 

Age, median/ 
mean, 

ORC/ RARC 

IC 
patients, 

ORC/ 
RARC 

NB 
patients, 

ORC/ 
RARC 

Match 
factors 

Nix et al. 
2010[40]  

April 2008- 
Jan 2009 

USA Lymph node 
yield 

20/ 21 17/ 14 69.2/ 67.4 14/ 14 6/ 7 1,2,3,4,7,8 

Parekh et 
al. 2013[44]  

July 2009- 
June 2011 

USA Feasibility study 20/ 20 16/ 18 64.5/ 69.5 NA NA 1,2,3,4,5,6, 
7 

Bochner et 
al. 2015[39] 

March 
2010- 
March 
2013 

USA Perioperative 
complication 

58/ 60 42/ 51 65.0/ 66.0 23/ 27 35/ 33 1,2,3,4,5,6,
7,8 

Khan et al. 
2016[42]  

March 
2009- July 

2012 

UK Perioperative 
outcomes 

20/ 20 18/ 15 66.6/ 68.6 17/ 18 3/ 2 1,2,3,4,5,6,
7,8 

Table 2-3: Characteristics of included studies 

1 = age, 2 = gender, 3 = BMI, 4 = ASA, 5 = previous abdominal surgery, 6 = neoadjuvant chemotherapy, 7 = clinical stage, 8 = diversion type, ORC: 
open radical cystectomy, RARC: robotic assisted radical cystectomy, IC: ileal conduit, NB: neobladder 

 Number of RARC/ ORC 
patients 

WMD/ OR (95% 
CI) 

P 
value 

X2 Study 
heterogeneity  

df I2 (%) P value 

Age 121/ 118 1.14 [-0.70, 3.61] 0.19 2.82 3 0 0.42 
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Proportion of males 121/118 1.15 [0.61, 2.14] 0.67 6.51 3 54% 0.09 

BMI 100/ 98 -0.65 [-2.01, 0.70] 0.34 0.54 2 0 0.76 

ASA I-II 36/31 1.46 [0.65, 3.30] 0.36 0.08 1 0 0.78 

ASA III-IV 44/47 0.68 [0.30, 1.54] 0.36 0.08 1 0 0.78 

Previous NAC 100/98 1.22 [0.63, 2.34] 0.56 0.81 2 0 0.67 

Pathological T stage: ≤pT2 85/85 0.75 [0.38, 1.49] 0.41 1.24 3 0 0.74 

Pathological T stage: ≥pT3 36/33 1.36 [0.67, 2.75] 0.40 1.20 3 0 0.75 

Table 2-4: Analysis of patient demographics and clinical variables comparing RARC vs ORC 

BMI: body mass index, ASA: American Society of Anaesthetics, NAC: neoadjuvant chemotherapy, ORC: open radical cystectomy, RARC: robotic 
assisted radical cystectomy, WMD: weighted mean difference, OR: odds ratio, CI: confidence interval 
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 Perioperative outcomes 

2.3.3.3.1 Intra-operative outcomes: Estimated blood loss, blood transfusion rate, requirement 

and operating time. 

Pooling data from 239 patients showed that EBL was significantly lower in RARC group compared 

to ORC (p<0.0001) (Figure 2-3). Only one RCT with 40 cases, reported blood transfusion rate and 

requirements and showed no significant difference in both median units of blood transfused 

(RARC: 0 vs ORC: 2, p=0.410) and requirements (RARC: 8/20 vs ORC: 10/20, p=0.410) [41]. Pooled 

data from all four studies suggested that RARC was associated with significantly longer operative 

times (WMD: 71.98 mins; 95% CI (15.89, 128.07); p=0.01) (Figure 2-4). 

 

Figure 2-3: Forest plot and meta-analysis of blood loss (10ml) 

 

 

Figure 2-4: Forest plot and meta-analysis of operating time (mins) 

 

2.3.3.3.2 Postoperative complications: Length of stay, 90-day all complications, 90-day major 

complications, 90-day mortality and complication type 

Data extracted from all four studies did not show a significant difference between LOS when 

RARC was compared to ORC (WMD: -0.46 days; 95% CI (-1.34, 0.42); p=0.30) (Figure 2-5). Pooled 

data from 239 patients did not show a difference in all 90-day complications in the RARC and 
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ORC groups (OR: 0.75; 95% CI (0.44, 1.28); p=0.29) (Figure 2-6). Similarly, no significant 

difference was observed in 90-day major complications between both groups (OR: 1.11; 95% CI 

(0.56, 2.23); p=0.76) (Figure 2-7). No difference was observed in 90-day mortality between RARC 

and ORC (OR: 0.32; 95% CI (0.03, 3.00); p=0.32). Wound complication was the only complication 

which was significantly lower in RARC compared to ORC (OR: 0.23; 95% CI (0.03, 0.88); p=0.03) 

(Table 2-5). 

 

Figure 2-5: Forest plot and meta-analysis of length of stay 

 

 

Figure 2-6: Forest plot and meta-analysis of all complications 

 

 

Figure 2-7: Forest plot and meta-analysis of major complications 
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Table 2-5: Analysis of perioperative complications according to Memorial classification 

2.3.3.3.3 Histopathological variables: Positive surgical margin (PSM), lymph node count and 

positive lymph node status 

Data from four studies that accessed PSM status showed no significant difference between the 

RARC and ORC groups (OR: 0.98; 95% CI (0.29, 3.23); p=0.97) (Figure 2-8). There was also no 

significant difference between lymph node yield (WMD: 3.89; 95% CI (-1.55, 9.33); p=0.16) 

(Figure 2-9) and positive lymph node status (WMD: 0.84; 95% CI (0.48, 1.47); p=0.54) (Figure 

2-10) between RARC and ORC groups. Bochner et al. was the only study to divide lymph node 

dissection (LND) to standard and extended [39]. While only lymph node yield of standard 

dissection was used for meta-analysis to avoid introducing heterogeneity in the analysis, no 

difference in lymph node yield between RARC and ORC was observed in an extended LND 

(p=0.5). 

Complications Number 
of 

RARC/ 
ORC 

patients 

WMD/ OR (95% 
CI) 

p-
value 

X2 Study heterogeneity  

df I2 (%) p-value 

Bleeding 121/ 118 1.27 (0.30, 5.29) 0.75 0.41 1 0  

Cardiac 121/ 118 1.06 [0.48, 2.32] 0.88 0.99 3 0 0.80 

Gastrointestinal 121/ 118 0.66 [0.40, 1.10] 0.11 1.34 3 0 0.72 

Genitourinary 121/ 118 0.81 [0.27, 2.45] 0.71 4.92 3 39 0.18 

Infectious 121/ 118 1.18 [0.80, 1.73] 0.40 0.80 3 0 0.85 

Miscellaneous 121/ 118 0.55 [0.12, 2.52] 0.44 0.15 1 0 0.70 

Neurologic 121/ 118 1.38 [0.42, 4.58] 0.60 2.30 3 0 0.51 

Pulmonary 121/ 118 0.32 [0.03, 3.01] 0.32 N/A N/A N/A N/A 

Surgical  121/ 118 1.40 [0.23, 8.64] 0.72 1.22 2 0 0.54 

Thromboembolic 121/ 118 1.24 [0.43, 3.52] 0.69 0.75 2 0 0.69 

Wound 121/ 118 0.23 [0.06, 0.88] 0.03 0.02 1 0 0.89 

Death 121/ 118 0.32 [0.03, 3.00] 0.32 0.00 1 0 1.00 
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Figure 2-8: Forest plot and meta-analysis of positive surgical margin 

 

 

Figure 2-9: Forest plot and meta-analysis of lymph node yield 

 

 

Figure 2-10: Forest plot and meta-analysis of lymph node positive status 

 

2.3.3.3.4 Quality of life outcomes 

Although three studies evaluated the QoL postoperatively, different questionnaires were used, 

hence pooled analysis of data was not possible [39,42,99]. Messer et al. used the Functional 

Assessment of Cancer Therapy–Vanderbilt Cystectomy which were completed 3-monthly for 12 

months[99], Bochner et al. used the European Organisation for Research and Treatment of 

Cancer (EORTC) QLQ-C30 questionnaire which was completed at 3 and 6 months postoperatively 

[39], while Khan et al. used the Functional Assessment of Cancer Therapy-General, Functional 

Assessment of Cancer Therapy-Bladder and Trial Outcome Index questionnaire which was 
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completed at a mean of 8 months postoperatively [42]. However, all studies concluded that 

there was no significant difference in QoL between the RARC and ORC groups. 

 Oncological outcomes 

Of the four studies, only one study reported oncological outcomes with no significant difference 

in recurrence free survival (RFS) (RARC: 73.6%; ORC: 89.0%; p=0.5), cancer specific survival (CCS) 

(RARC: 100%; ORC: 100%; p=1.0) and overall survival (OS) (RARC: 95%; ORC: 100%; p=0.1) [42]. 

 Cost analysis 

Only one study performed cost analysis based on Medicare reimbursement [39]. Patients who 

had RARC with neobladder reconstruction generated an average additional average cost of 

$3,920 compared to ORC patients (p < 0.0001) whereas patients who had an ileal conduit 

following RARC incurred an additional average cost of $1,740 compared to ORC (p < 0.05). 

Longer operating time attributed to 98% and 69% of additional cost in ileal conduit and 

neobladder patients respectively. 

 Heterogeneity of studies 

Significant heterogeneity was detected between studies in lymph node yield and operating time. 

This is likely attributed to differences in surgical technique and experience between surgeons. 

Analysing pooled data using the random-effect model was performed to reduce the effect of 

between-study heterogeneity. 
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2.3.4 Discussion 

This is the first systematic review and meta-analysis of randomised controlled trials comparing 

the outcomes of RARC and ORC. Previously, there have been four other systematic reviews on 

this topic, however these included both retrospective and prospective comparative studies 

which were at high risk of selection, reporting and publication bias[179–182]. These meta-

analyses have concluded that RARC is associated with lower perioperative complications, 

reduced LOS, higher lymph node yield, lower transfusion requirement and equivocal PSM. The 

current meta-analysis comprising of pooled data with 239 patients from four RCTs does not 

support the conclusions from non-RCT meta-analysis[179–182]. The results of the current meta-

analysis show that RARC is associated with lower EBL, lower wound complications rate and 

longer operating times. However, no significant difference is observed in 90-day perioperative 

complications, LOS, lymph node yield, PSM and QoL. A sensitivity analysis demonstrating that 

neither choice of statistical outcome measure nor any individual RCT impacted on the results 

supports the validity of the conclusions in this report.  

Comparisons between morbidity rates reported for individual surgical series is often challenging 

due to significant variation in surgical technique, prior operative experience and documentation 

of complications [183]. 90-day complication rates of between 30% and 77% have been reported 

for RARC with extracorporeal urinary diversion [37]. To standardise reporting methodology for 

radical cystectomy, a modified Clavien-Dindo classification has been proposed [35]. All RCTs 

used either traditional Clavien-Dindo or modified classification system to standardise reporting.  

In this analysis, we did not find a significant difference in 90-day perioperative complications 

between studies. A recent study analysed complications following RARC with intracorporeal 

urinary diversion in 134 cases and found that the majority of Clavien ≥III complications can be 

attributed to a surgical cause which may be related to surgeon experience [184]. In our meta-

analysis of operating time, there was significant heterogeneity observed which may reflect a 
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variation in surgical experience in RARC. None of the RCTs reported prior surgical experience for 

either RARC or ORC, and therefore it was difficult to determine this. Although the learning curve 

to achieve minimal perioperative complications is yet to be defined, a minimum of 30 cases is 

suggested to achieve adequate lymph node yield and PSM [185] while experience of more than 

100 cases has been put forward as a minimum to be considered very experienced [67]. In robotic 

assisted laparoscopic prostatectomy (RALP), perioperative complications continue to improve 

and plateau after 150 cases while improvements in urinary incontinence and sexual function 

outcomes were observed until after 600 cases[186,187]. Hence, these results may not be as 

heterogeneous if RARC was performed by experienced surgeons. 

Patients undergoing radical cystectomy are often older, smoke tobacco and have co-morbidities 

such as cardiovascular and renal dysfunction, making them susceptible to perioperative 

complications. A single arm study in RARC with intracorporeal urinary diversion reported that 

poor cardiorespiratory fitness measured by cardiopulmonary exercise testing did not predict 30-

day perioperative complications [47]. In colon cancer, a large RCT of minimally invasive versus 

open colectomy did not show differences in 60-day complications but did report significantly 

shorter LOS (p≤0.001) and lower use of opiate based analgesia (p≤0.001)[188]. Hence, it has 

been hypothesised that RARC will reduce perioperative morbidity or at the very least shorten 

LOS compared to ORC which is contrary to our findings. While there is no RCT comparing RALP 

with open radical prostatectomy (ORP), RALP has now succeeded ORP as the most common 

surgical approach for radical prostatectomy with excellent perioperative outcomes 

Perioperative outcomes of robot-assisted radical prostatectomy compared with open radical 

prostatectomy: results from the nationwide inpatient sample[189]. In comparison to previous 

meta-analyses, the current review did not show a reduction in LOS between RARC and ORC. 

Urinary diversion reconstruction, accounts for the majority of complications following radical 

cystectomy [190]. All previous systematic review and meta-analyses included in this meta-
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analysis performed urinary diversion reconstruction using an extracorporeal approach. The 

requirement for a mini laparotomy for the urinary diversion reconstruction has been postulated 

to negate potential perioperative benefits of a minimally invasive approach and with 

intracorporeal urinary diversion gaining popularity, the question remains whether the approach 

to diversion reconstruction will have an impact on perioperative outcomes. 

All previous systematic reviews and meta-analyses including our current review consistently 

report that RARC is associated with a significantly lower EBL translating to a lower blood 

transfusion rate. This could be attributed to a more precise and controlled dissection using the 

robotic platform as well as pneumoperitoneum. No RCT has been designed to measure the 

effects of perioperative transfusion on either functional recovery or oncological outcome in 

cystectomy. Evidence that blood transfusion is associated with increased 30-day morbidity and 

mortality stems from the analysis of 10,100 patients who had non-cardiac surgery[93]. In radical 

cystectomy, a study of 1,490 consecutive cases showed that perioperative blood transfusion was 

associated with increased cancer specific mortality and overall mortality [191]. These small but 

highly significant effects may require a large sample size to uncover which would be very difficult 

to prove in an RCT and to alter practice would be based on inference. 

PSM and lymph node yield are indicators of surgical quality. The presence of soft tissue PSM in 

particular reduces 5-year cancer specific survival to 32% (95% CI: 19-54) from 72% (95% CI: 69-

75) [192]. In an analysis of 4,410 ORC patients with the overall incidence of a PSM was 6.3%, 

PSM was associated with higher pathological T stage; PSM for pT1, pT2, pT3 and pT4 was 1.8%, 

2.3%, 7.6% and 24.0% respectively [193]. This meta-analysis shows no significant difference in 

PSM between RARC and ORC however only 18.0% of patients in the meta-analysis were ≥pT3 

disease. In a series of 184 ORC and RARC cases, no difference in PSM have been reported 

between RARC and ORC [46]. 
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Retrospective studies have shown that a higher lymph node yield of at least 8 is associated with 

cancer specific survival even in node negative disease [194]. Comparing lymph node yield is 

confounded by factors such as the use of NAC, pathological stage of disease, surgeon and 

method of pathological evaluation. None of the RCTs included an adjustment for case mix and 

the meta-analysis did not show a difference in lymph node yield between RARC and ORC. The 

Southwest Oncology Group (SWOG) S1011 (NCT01224665) trial is still ongoing and will address 

the issue if extended LND is necessary. Three of the four RCTs performed a standard template 

while Bochner et al. used both standard and extended LND with comparable lymph node yield 

suggesting that the quality of LND in RARC is equivocal to ORC [39].  

It was not possible to pool QoL data for this analysis as QoL was assessed by different tools and 

at different time points. Among the three RCTs to date, there has been no difference in QoL 

reported for RARC compared to ORC. In the colorectal literature, patients treated with 

laparoscopic surgery showed better QoL in the early postoperative phase but this was no longer 

evident in longer term follow up [195]. However, a recent RCT comparing open retropubic 

prostatectomy with robotic assisted radical prostatectomy failed to show any significant 

difference between early functional outcomes as well as quality of life measured at 12 weeks 

postoperatively [196]. All three RCTs assessed QoL between 3- 8 months post-surgery. It is 

possible that any potential gain from a minimally invasive approach may have been undetected. 

A further limitation will be the sample size for individual studies. A health economic analysis has 

not been conducted by any of the RCTs however, one study did perform a cost analysis and 

attributed higher cost for RARC to longer operating time[39].  

Limitations of this systematic review with meta-analysis include the small sample size for pooled 

data. In addition, each of the RCTs were conducted at a single institution. This is evident in 

operating time heterogeneity and might reflect individual surgeon experience rather than 

surgical technique. To date all RCTs have either been feasibility studies, have closed before 
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planned recruitment or were designed to measure surrogate endpoints. The pooled data set 

comprised 239 cases in total, and the systematic review with meta-analysis was not conducted 

on individual patient data and a test for heterogeneity has highlighted that surgical experience 

may have influenced the results. A further consideration is the conversion from a truly minimally 

invasive approach to open surgery for urinary diversion reconstruction which could confound 

the benefits of minimally invasive surgery.  
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2.3.5 Conclusions 

This study is the first systematic review with meta-analysis to include data from only RCTs of 

ORC versus RARC. Unlike previous systematic reviews with meta-analyses, which have included 

observational data, our results do not show a benefit for RARC compared to ORC. There are 

significant issues with the trials which have been conducted in RARC which may influence the 

outcome and integrity of the meta-analysis at this time. RARC with intracorporeal urinary 

diversion remains an evolving technique and high quality RCTs will be required to determine 

benefit. In addition, RCTs should be performed by equally experienced ORC and RARC surgeons. 

For the present, the role of RARC and whether the technique can challenge ORC as the standard 

of care remains unanswered. 
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2.3.6 New evidence – the RAZOR trial 

This section is a modified version of a peer-reviewed editorial I wrote and published on behalf 

of the investigators of the iROC trial after the RAZOR trial published their findings in 2018[34]. 

RAZOR is a multi-centre non-inferiority randomised controlled trial (RCT) comparing RARC to 

ORC[36]. In the trial 350 patients across 15 medical centres in the USA were recruited, including 

150 and 152 patients who underwent RARC and ORC respectively. The authors reported a 2-year 

progression free survival of 72·3% (95% CI 64·3 to 78·8) and 71·6% (95% CI 63·6 to 78·2) in the 

RARC and ORC groups respectively (difference 0·7%, 95% CI –9·6% to 10·9%; p=0·001). This is an 

important statement as oncological equivalence is necessary to justify using the robotic 

platform. However, oncologic equivalence may be insufficient in causing large scale adoption of 

the robotic platform for RC. 

In line with contemporary reports [175], RAZOR reported that RARC had significantly reduced 

blood loss and transfusion rates, but longer operating times. RAZOR did not provide a cost 

analysis for RARC vs ORC due to varying costs of RC across centres, but they reported a small 

albeit significant difference in length of stay between RARC and ORC (6 and 7 days, p=0.0216). 

There was no difference in complication rates. A question arising from these results is whether 

RAZOR reflects the full potential benefit of RARC. It is noted that the urinary diversion for all 

cases in robotic arm was performed extracorporeally (eRARC), which means that there was a 

conversion to open surgery for each case. Could conversion to open surgery negate many of the 

potential benefits of minimal access surgery? In contrast, intracorporeal RARC (iRARC) whereby 

both the extirpative and the diversion are performed robotically, is completely minimal access. 

As acknowledged by authors of the RAZOR trial[36], iRARC may improve peri-operative recovery 

when compared to eRARC. 

Furthermore, there are no accepted definitions of surgical experience for RC. RAZOR required 

surgeons to have performed 10 RCs in the year prior to trial recruitment. In contrast, less than 
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5% of RCs in the UK are performed by surgeons undertaking <8 RCs/year, and the majority of 

RCs (56.5%) are performed by high-volume surgeons undertaking ≥30 RCs/year. While RAZOR’s 

requirement of 10 RCs in the year prior is a minimum requirement and it is likely that most 

surgeons did significantly more than that, setting the bar this low – regardless of technique and 

outcomes – could potentially have allowed novice surgeons to operate on trial patients. Median 

RARC operating times in RAZOR were >7 hours, and the Pasadena consensus recommends that 

experienced surgeons should aim to complete the procedure between 5-6 hours[67]. According 

to the consensus definition, surgeons are on their learning curve for the first 30 cases – and it is 

possible that a subset of robotic surgeons in RAZOR were still on their learning curve. Indeed, 

the median time for eRARC is similar to retrospective data reported by Hussein et al.[197], which 

collected data from all surgeons without any criteria on experience, albeit with the possibility of 

selection bias, and reported a median operating time of 400 minutes across 1, 031 cases. 

However, it must be noted that there is also no standard definition for ‘operating time’. In the 

RAZOR trial, “room in to room out” time was used, whereas the Pasadena consensus statement 

did not specify if they used the same definition, or console time, anaesthetic time, surgical time 

(difference between closure and knife-to-skin time).  

 Updated meta-analysis 

After the publication of the RAZOR trial, an updated meta-analysis was performed by 

Satkunasivam et al.[198] to compare oncologic, peri-operative and complication-related 

outcomes in the comparison of RARC and ORC. RARC was associated with a significantly reduced 

blood loss, but a longer operative time compared to ORC. No difference in hospital length of 

stay, complication rates or major complication rates. No difference was identified between 

RARC and ORC for surgical margins rate, lymph node dissection yield, and both recurrence-free 

and progression-free survival. Patterns of recurrence for pelvic versus distant/abdominal sites 

was found to be significantly different for RARC and ORC. However, the authors acknowledge 
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that definitions of recurrence sites varied between RCTs, so this analysis should be interpreted 

with caution. 

These findings by Satkunasivam et al. are consistent with our findings discussed in section 2.3.3.  
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2.3.7 Context 

Even with the results of the RAZOR trial, which alone recruited more patients than the prior four 

RCTs combined, there is still no discernible benefit for RARC over ORC. Oncological equivalence 

is a reassuring finding, but does not provide a rationale for the comparatively expensive RARC if 

the only benefit is lower blood loss. These findings reaffirm the NHS England’s clinical 

commissioning policy on robotic cystectomy, that NHS England will not routinely commission 

robotic assisted surgery for bladder cancer. It is likely that any benefit of RARC will be in the peri-

operative recovery, and this needs to be compared in an RCT, with high volume surgeons in both 

arms, enhanced recovery and intracorporeal diversion. 

 To this end, a phase III multicentre randomised controlled trial to compare the efficacy of 

Robotically Assisted Radical Cystectomy (RARC) and intracorporeal urinary diversion with Open 

Radical Cystectomy (ORC) in patients with bladder cancer (the iROC trial) is currently recruiting 

in high volume centres across the UK[199]. Primary outcome of the iROC trial is to assess 

difference in days alive and out of hospital for patients undergoing RARC and ORC. The iROC will 

further help address key questions on the role of both RARC and intracorporeal urinary robotic 

diversion in current clinical practice from the perspective of a health economic analysis. 

While RAZOR represents an important milestone for robotic surgeons, more evidence is 

required to understand if RARC should be adopted as the new definitive standard treatment for 

bladder cancer. Oncological equivalence is an important aspect to justify a rationale for RARC, 

but is not enough to sway policy decisions in favour of the relatively expensive procedure. We 

hope that results of the iROC trial will help inform the urological community of any difference in 

peri-operative outcomes between truly minimal access RARC and ORC. 
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2.4 Chapter conclusions 

Section 2.2 outlines all reported clinical (i.e. patient recruiting) studies using fitness trackers and 

wearable devices. While studies have reported use of fitness trackers and they have been largely 

well accepted by patients, this technology has not been applied robustly to the peri-operative 

setting. In this setting, they offer a new way to monitor patients after hospital discharge. This 

could provide new insights into the peri-operative recovery of the individual patient, but also 

offer a further means to compare recovery after iRARC and ORC.  

Section 2.3 has set out the research landscape meta-analysing currently completed RCTs 

comparing RARC and ORC, all of which focus on the extracorporeal approach of performing RARC 

(eRARC). As this technique is not minimally invasive, and can be more accurately described as a 

keyhole robotic cystectomy with an open urinary diversion, there in an opportunity to explore 

the comparison in a new trial – one that compares completely keyhole iRARC to ORC. Alongside 

this clinically important comparison, this provides an opportunity to explore the use of new 

technologies in monitoring health status and recovery in the peri-operative period of patients 

undergoing RC.  

There are two research opportunities to explore in the peri-operative setting surrounding radical 

cystectomy – 1) the comparison between iRARC and ORC, and 2) the use of wearable devices to 

measure health status for patients before and after RC. While the former is likely a larger 

undertaking than the remit of this doctoral thesis, setting up an RCT comparing iRARC and ORC 

can provide a good pathway to explore the role of wearable devices and other metrics in 

measuring recovering recovery from RC. 
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Chapter 3 Testing research instruments for use in the peri-

operative setting 
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3.1 Chapter summary 

In this chapter, I will present the preliminary experiments required to test wearable devices and 

HRQOL questionnaires as research instruments before embarking on an RCT comparing ORC and 

iRARC. HRQOL questionnaires are considered a critical outcome measure of surgery, as they 

provide information about patients’ post-operative quality of life[97]. This is important as it 

allows clinicians to measure the impact of surgery on patient lives in a holistic manner, as well 

as to guide patients pre-operatively about realistic expectations of life following surgery. 

In the first section I will describe quantitative and qualitative comparisons between wearable 

devices. The quantitative component provides comparisons of device counted steps and 

manually-counted steps in healthy volunteers. The qualitative component assesses the device 

specifications and suitability for use in a prospective RCT. 

In the second section, I will present the results of a small prospective pilot study collecting 

HRQOL data from a cohort of patients undergoing RARC as part of a service development within 

a cystectomy pathway. The EORTC QLQ-C30 and WHODAS 2.0 questionnaires were given to 

patients at baseline, 3 months and 6 months timepoint. Demographic and output data is 

collected alongside PROM questionnaire data and associations are explored. 
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3.2 Comparison of wrist-worn wearable devices 

3.2.1 Introduction 

Before deciding on which wearable devices to use in the trial setting, it is important to remember 

that the target patient population is older, and the technology available for use needs to be as 

simple for use as possible. The ideal tracker would be worn by the patient at home or with the 

assistance of a clinician in hospital, and not removed for charging, showering, etc. during the 

monitoring period. At the end of the tracking period, the tracker needs to be easy to remove, 

and easily returnable to the central receiving lab. The tracker should also have the ability to store 

this data locally, as opposed to a companion device such as a smartphone. Lastly, it is important 

to identify that the chosen device offers accurate counting on metrics collected, such as step-

count. In this section I will describe the methodology for device selection and accuracy testing.  

The results of this study are divided broadly into qualitative and quantitative comparisons 

between the wearable devices available through the UCL catalogue of devices. The hypothesis 

being tested in this section is that wearable devices can accurately measure step-counts under 

laboratory conditions. Some of these devices are included in the systematic review in section 

2.2, and other readily available reference devices were included for comparison. 
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3.2.2 Methods 

 Criteria for selecting devices 

Five main criteria were applied to select devices for testing: 

1) Wrist-wearable 

2) Waterproof 

3) Daily step-count logging 

4) Battery life of > 14 days 

5) Local storage of > 14 days 

Of devices available in the UCL purchasing catalogue, four met the criteria outlined above: 

1) Misfit Shine, 2) Misfit Ray, 3) Jawbone UP Move, 4) Garmin Vivofit. Additional to these 

devices, I included three additional that were not available through the UCL purchasing, 5) 

Apple Watch Series 6) Fitbit Charge HR and 7)Fitbit Zip. The Apple Watch and Fitbit Charge 

HR were included despite not matching the criteria due to their commercial success, and to 

assess the accuracy of the shortlisted devices in comparison with the two most popular 

wearable devices in the market. The Apple Watch is the best-selling watch in the market 

with numerous activity and health tracking features, the Fitbit Charge HR is the flagship 

product of the largest fitness tracker company (Fitbit, Inc), and the Fitbit Zip is the only non-

wrist worn tracker we tested (worn on a belt clip). 

3.2.2.1.1 Sample 

Eleven healthy volunteers (two males, nine females) volunteered to participate in the study. All 

11 participants consented to the treadmill testing, and seven consented to the stairs testing. The 

participants were all undergraduate medical students at University College London (UCL), and 

they were recruited through a prospectively planned study. Participants were provided an 

information sheet, and informed consent was obtained. The study was formally approved by the 
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UCL Research Ethics Committee (ID: 12715/001). Participants had no known mobility limitations 

that could affect their ability to complete a 30-minute exercise.  

3.2.2.1.2 Participant information 

Prior to testing, height and weight was measured using a stadiometer and weighing scale 

respectively. Height and weight were recorded with lightweight clothing and no shoes. 

Additionally, their date of birth was recorded. 

3.2.2.1.3 Device setup 

For all the activities, participants wore all eight devices simultaneously. Six of the devices were 

worn on the left wrist, and the Fitbit Zip was worn at the participant’s hip. On the wrist, all 

participants wore the devices in a fixed order, from closest to the hand to furthest as shown in 

Figure 3-1: Apple Watch, Misfit Shine 2, Fitbit Charge HR, Garmin Vivofit, Jawbone UP Move, 

Misfit Ray. Where possible, all devices were attached as close to the wrist as possible. 

Additionally, the Misfit Zip was attached to the collar of each participant. All devices were worn 

according to the manufacturer’s recommendations, and no data about participants’ age, height, 

weight or gender were entered into the companion mobile applications. Firmware for all device 

were updated to the latest available versions, and for devices that required a companion device, 

an iPhone with the latest software was used with the latest versions of the companion mobile 

applications downloaded from the iOS App Store. Firmware and software versions are listed in 

Table 3-1. 

The true step-count was counted using a hand-held manual clicker held by a study investigator, 

and step-count for all devices were tallied after each activity by an investigator using either the 

on-device display, or the companion iPhone. To ensure time was provided for devices to sync, 

participants were required to stand still after each activity for a minute before recording the 

step-count. Only step-count was recorded from each exercise, as distance was pre-determined 

for the treadmill experiments and number of stairs was fixed for the stairs experiments. 
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Figure 3-1: Device placement for the seven wrist-worn devices 

3.2.2.1.4 Treadmill tests 

The aim of the treadmill tests was to compare the step-count on the 7 activity-trackers using a 

controlled, flat (incline was set to 0o) environment.  

When mounting the treadmill, participants were told to stand with each leg to the side of the 

treadmill and hold the handles on the sides of the treadmill. At this point, a baseline step-count 

recording of each tracker was made. The treadmill was then sped up to the desired speed, and 

participants to start walking or jogging when the speed stabilised. Once the target distance was 

reached, participants were asked to stand on the sides of the treadmill, while holding the bars 

to keep the trackers from moving. After 1 minute of standing still, the step-count was recorded 

from the device displays, and companion applications for devices without a display. 

Participants were then instructed to walk on the treadmill for 150 metres, at two different 

speeds, 3 km/h and 7 km/h. They were instructed to walk on the 3 km/h portion of the test, and 

to jog for the 7 km/h portion. They were instructed not to hold the handles on the sides of the 
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treadmill, but were left to choose if they needed to swing their arms as they walked or ran. A 

further recording was made from the wearable devices on-screen display or companion iPhone. 

3.2.2.1.5 Stairs tests 

The aim of the stairs tests was to compare the step-count on the 7 activity-trackers in a free-

walking stepped environment. There were 95 stairs in the stair test, and participants started on 

the ground floor for this part of the exercise. Participants were instructed not to use the 

handrails, but were free to choose if they needed to swing their arms as they walked up the 

stairs. Additionally, participants were instructed not to skip steps while going up and down the 

stairs. An investigator walked with each participant, using hand-held clicker to manually count 

steps. Participants first walked down the stairs, and the results tabulated both before and after 

the exercise. Subsequently, participants walked up the stairs and the process was repeated. 

3.2.2.1.6 Analysis 

All analyses were performed in SPSS version 25. Each participant was assessed in two walking 

conditions on the treadmill tests at 3 km/h and 7 km/h, along with ascending and descending 

stairs in the stairs test. In all assessments, the difference between the device-measured step-

count and the true count was recorded by the investigator. For each device, the median step-

count across different participants was calculated, and the interquartile difference. Additionally, 

the percentage difference between the true count and the device-count was calculated for each 

activity. To assess correlation, the paired t-test was performed on the true step-count and 

measured step-count.  

 Testing the specifications of trackers 

After the completion of accuracy testing, technical specifications listed by the manufacturer 

needed to be tested to ensure they were suitable for use as per the selection criteria outlined 

in section 2.2.1.1:  

1) Wrist-wearable 
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2) Waterproof 

3) Daily step-count logging 

4) Battery life of > 14 days 

5) Local storage of > 14 days 

3.2.2.2.1 Wrist-wearable 

Trackers were considered wrist-wearable if the manufacturer supplied a wrist-band in the 

official packaging for the product. Furthermore, trackers had to be easily removable to allow for 

patients to return them. 

3.2.2.2.2 Waterproof 

Five of each wearable device were left in a beaker of water at room temperature for 30 minutes, 

towel dried, and subsequently synced with the companion smartphone application to retrieve 

stored data. Devices were considered waterproof if they were functional after being dried. 

Functionality was defined as on-device LEDs being lit up, and the ability to pair successfully with 

a smartphone. 

3.2.2.2.3 Daily step-count logging 

Devices were tested by one participant, by wearing one tracker at a time, each worn from 7 pm 

on day 1 to 8 am on day 4. On day 3, the device was paired to a smartphone and step-count 

verified. If the device logged a non-zero number of steps on day 2, it was deemed to be able to 

log daily step-count. The device was unpaired from the smartphone on day 3. To ensure 

consistency, this process was repeated for five trackers for each model (Misfit Shine 2 and Misfit 

Ray). 

3.2.2.2.4 Battery life of > 14 days 

After the completion of 2.2.2.1.3, each device was kept static on a desk at room temperature, 

and tapped to re-activate on day 18. If the device LED or display re-activated, it was considered 
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to be activated successfully. Battery level was then checked in the mobile application on the 

smartphone. 

3.2.2.2.5 Local storage of > 14 days 

After the completion of 2.2.2.1.4, each tracker was re-paired with a smartphone on day 18, and 

the data from day 4 was checked. If a non-zero number of steps was shown in the companion 

application, it was deemed to have data storage of at least 14 days. 
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3.2.3 Results 

 Qualitative comparison 

Table 3-1 summarises the comparison of these devices, including the technical specifications 

and placement location. It should be noted that all these devices are described by the 

manufacture as being waterproof. 

The Garmin Vivofit has an on-device display, unlike the other three devices which require a 

companion device to get detailed step-count information. All four devices have a battery life of 

more than one month, with the Vivofit listing a battery life of over one year. While the Vivofit 

and Misfit devices do not have an on-device display, the Shine 2 and UP Move both have a clock-

face pattern of lights that can be used to check time and provide feedback to the user regarding 

their progress of physical activity through the day, based on pre-defined targets. 

All the devices have a 3-axis accelerometer, but the Apple Watch also has a gyrometer which 

collects data about the orientation of the watch and therefore the position of the wrist. Unlike 

the other devices, it is also marketed as a Smart Watch and not a fitness tracker. However, it has 

the shortest battery life at up to 18 hours. The Fitbit Charge HR is capable of measuring heart 

rate intermittently as well as steps, and utilises these measures to provide surrogate 

measurements such as energy, distance, sleep etc. It has a longer battery life of up to 5 days but 

is still insufficient for the criteria defined for use in a cystectomy patient trial. The Fitbit Zip was 

one of the earliest fitness trackers launched, and the first Fitbit with a removable battery. It is 

meant to be worn on the waist or collar, and like the Apple Watch and Fitbit Charge HR, comes 

with an in-built display. 

Table 3-1 summarises the comparison of these devices, including the technical specifications 

and placement location. It should be noted that all these devices are waterproof.  
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Device Type Steps on 
display? 

Placement Measurement Size (mm x 
mm x mm 

Weight 
(g) 

Software Battery Life Local data 
storage 
duration 

Cost 

Apple 
Watch 

3-axis 
Accelerometer, 
gyroscope 

Yes Wrist Steps, heart rate, 
sleep, energy 
expenditure, activity 
intensity 

42.5 x 36.4 x 
11.4 

34.2 WatchOS (Device) Up to 18 hours Not listed £399 

Misfit Shine 
2 

3-axis 
Accelerometer 

No Wrist Steps, distance, 
sleep, energy 
expenditure 

30.5 x 30.5 x 
8 

8.5 Misfit for iOS 
(Companion) 

Up to 6 
months 

4 weeks £80 

Misfit Ray 3-axis 
Accelerometer 

No Wrist Steps, distance, 
sleep, energy 
expenditure 

12 x 38 x 12 8 Misfit for iOS 
(Companion) 

Up to 4 
months 

4 weeks £79 

Jawbone 
Up Move 

3-axis 
Accelerometer 

No Wrist Steps, distance, 
sleep, energy 
expenditure 

23.6 x 23.6 x 
6.9  

 UP for iOS 
(Companion) 

Up to 6 
months 

Not listed £39 

Fitbit 
Charge HR 

3-axis 
Accelerometer 

Yes Wrist Steps, heart rate, 
sleep, energy 
expenditure, activity 
intensity 

21 x 170* x 
10  

26 Fitbit Connect Up to 5 days Up to 30 days £150 

Garmin 
Vivofit 

3-axis 
Accelerometer 

Yes Wrist Steps, distance, 
sleep, energy 
expenditure 

25.5 x 21 x 
10 

25.5 Garmin Connect More than 1 
year 

4 weeks £99 

Fitbit Zip 3-axis 
Accelerometer 

Yes Collar Steps, distance, 
sleep, energy 
expenditure 

28 x 35.5 x 
9.65 

8 Fitbit Connect 4-6 months 23 days £50 

*Fitbit Charge HR device width is not listed in specifications, only strap length is listed by manufacturer. 

Table 3-1: Comparison of various wearable fitness trackers and wearable devices 
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 Quantitative comparisons 

3.2.3.2.1  Participant characteristics 

Eleven healthy individuals (male: 9 and female: 2) of median age 21 (IQR 20.5 – 22) years were 

recruited into the study. The median height, weight and BMI of the group 168.2 cm (IQR 165.7 

– 172.1), 68.5 kg (IQR 61.7 – 75.6) and 24.2 kg/m2 (IQR 22.8 – 24.6) respectively. The median 

stride length was 52.7 cm (IQR 49.1 – 55.7). 

3.2.3.2.2 Results of treadmill experiments 

3.2.3.2.2.1 Walking speed (3 km/h) 

Median % in Table 3-2 represents the median of the device measurement expressed as a 

percentage of the true step-count. A paired t-test was performed for the true step-count and 

each tracker measurement, and a statistically significant difference (p<0.05) was identified for 

the Misfit Shine 2, Misfit Ray, Jawbone Up Move and Fitbit Charge HR when compared with the 

true step-count. Overall, median step-count between all 7 trackers ranged from 84.4% to 109.8% 

when expressed as a percentage of the true value. The Apple Watch had the closest median 

step-count to the true measured steps. Of the four devices that met the criteria set out for use 

in a prospective trial to monitor patient activity, only the Garmin Vivofit did not have a significant 

difference with true step-count. Of note, the interquartile range of values for the Vivofit was 

narrower than both the Misfit trackers and the Jawbone Move UP. These results are summarised 

in Table 3-2, and Figure 3-2 shows the box and whisker plots of the tracker performance at the 

3 km/h walking speed. 
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3 km/h 

Median IQR 
Median 

% 
t 

Significance 
(2-tailed) 

True Steps 284 
(269.25-
305.25) 

- - - 

Apple Watch 278 
(217.13-
306.75) 

97.9% -0.096 0.925 

Misfit Shine 2 261 
(181.50-
275.00) 

91.8% 3.704 0.004 

Misfit Ray 240 
(169.88-
276.00) 

84.4% 2.743 0.021 

Jawbone Up Move 274 
(222.00-
282.38) 

96.3% 2.238 0.049 

Fitbit Charge HR 312 
(280.50-
419.63) 

109.8% -3.420 0.007 

Garmin Vivofit 274 
(261.56-
298.62) 

96.3% 1.425 0.185 

Fitbit Zip 292 
(270.38-
301.88) 

102.6% 0.447 0.665 

Median % refers to the median step-count measured from the device as a percentage of 
the true step-count 

Table 3-2: Summary of results of treadmill experiments comparing the accuracy of measurement 
of seven different fitness trackers at a walking speed (3km/h). Results of t test (significance and 
degrees of freedom ‘t’ are included. 

 

 

Figure 3-2: Box and whisker plots of the relative performance of the seven fitness trackers at the 
walking pace of 3 km/h.  
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3.2.3.2.2.2 Jogging speed (7 km/h) 

None of the fitness trackers showed a significant correlation to true step-count at the 7 km/h 

speed. This is despite higher median step-count being closer to the true step-count at 95.5-

100.2%, compared to the walking speed of 3 km/h (81.1-121.8%). These results are summarised 

in Table 3-3. Similarly, the IQR values for the 7 km/h values were smaller than those at 3 km/h, 

but multiple outliers were observed as shown in Figure 3-3. 

Due to more pronounced arm movements and therefore a stronger signal for the accelerometer, 

it would have been reasonable to expect that devices would be more accurate at 7 km/h speed. 

Interestingly, median step-count was closer to the true step-count when compared with the 3 

km/h speed despite no statistically significant correlation being identified. However, accuracy at 

this speed is less relevant than the 3 km/h speed for the iROC trial, as patients with bladder 

cancer, particularly in the peri-operative period following radical cystectomy, are unlikely to be 

walking or running at speeds close to 7 km/h for most of their daily activity. 
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7 km/h 

Median IQR 
Median 

% 
t 

Significance 
(2-tailed) 

True Steps 380 
(340.13-
389.63) 

- - - 

Apple Watch 379 
(333.00-
387.00) 

99.8% -0.574 0.578 

Misfit Shine 2 357 
(276.00-
376.50) 

94.1% 0.909 0.385 

Misfit Ray 315 
(289.88-
325.13) 

83.0% 1.405 0.194 

Jawbone Up Move 378 
(366.75-
394.88) 

99.6% -0.818 0.432 

Fitbit Charge HR 378 
(329.63-
436.88) 

99.6% -1.961 0.078 

Garmin Vivofit 377 
(339.00-
399.00) 

99.4% -0.969 0.355 

Fitbit Zip 382 
(341.25-
392.25) 

100.6% -1.444 0.183 

Median % refers to the median step-count measured from the device as a percentage 
of the true step-count 

Table 3-3: Summary of results of treadmill experiments comparing the accuracy of measurement 
of seven different fitness trackers at a jogging speed (7km/h). Results of t test (significance and 
degrees of freedom ‘t’ are included. 

 

 

Figure 3-3: Box and whisker plots of the relative performance of the seven fitness trackers at the 
walking pace of 3 km/h  
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3.2.3.2.3 Results of stairs experiment 

The stairs experiment was divided into two parts, descent followed by ascent. 

3.2.3.2.3.1 Stairs Descent 

During stairs ascent, none of the trackers were determined to have a statistically significant 

relationship with true step-count using the paired t-test. None of the trackers showed a 

significant correlation with the true step-count and he results are summarised in Table 3-4. As 

shown in the box-and-whisker plots in Figure 3-4, the Fitbit Charge HR and Fitbit Zip had the 

narrowest IQR. 

3.2.3.2.3.2 Stairs Ascent 

For stairs ascent, statistically significant correlations with true step-count were identified for the 

Apple Watch, Garmin Vivofit and Fitbit Zip. Of the three devices, the Fitbit Zip had the least wide 

IQR (106.50-111.50). The median percentage recorded by the Fitbit Zip was the closest to the 

true steps taken during stairs descent, with a 102.9%. However, only the Vivofit fit the criteria 

for device selection set out in 3.2.2.1. The Fitbit Charge HR had the closest median percentage 

to the true count, but this relationship was not found to be statistically significant due to outliers 

as shown in Figure 3-5.  
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 Stairs descent 

 Median IQR 
Median 

% 
t 

Significance 

(2-tailed) 

True Steps 106 
104.50-

106.50 
- - - 

Apple Watch 111 
101.00-

118.00 104.7% 
-0.258 0.805 

Misfit Shine 2 84 63.00-104.00 79.2% 2.082 0.083 

Misfit Ray 94 87.00-113.00 88.7% 1.084 0.320 

Jawbone Up Move 110 
108.25-

113.25 103.8% 
0.045 0.966 

Fitbit Charge HR 110 
107.00-

112.50 103.8% 
-1.178 0.283 

Garmin Vivofit 122 
116.50-

136.50 115.1% 
-2.227 0.068 

Fitbit Zip 108 
106.50-

111.50 101.9% 
-1.741 0.132 

Table 3-4: Summary of results of stairs experiments comparing the accuracy of measurement of 
seven different fitness trackers during stairs decent. Results of t test (significance and degrees of 
freedom ‘t’ are included. 

 

Figure 3-4: Box and whisker plots of the relative performance of the seven fitness trackers 
walking down 95 stairs 
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 Stairs ascent 

 Median IQR 
Median 

% 
t 

Significance 

(2-tailed) 

True Steps 105 104-106.5 - - - 

Apple Watch 127 124.5-135.5 121.0% -4.526 0.004 

Misfit Shine 2 49 22-133 46.7% 0.817 0.451 

Misfit Ray 92 77-106 87.6% 0.868 0.419 

Jawbone Up Move 101 98.5-109 96.2% -0.485 0.645 

Fitbit Charge HR 106 105.5-112.5 101.0% -1.977 0.095 

Garmin Vivofit 131 116.5-132 124.8% -3.978 0.007 

Fitbit Zip 108 105.5-109.5 102.9% -3.092 0.021 

Table 3-5: Summary of results of stairs experiments comparing the accuracy of measurement of 
seven different fitness trackers during stairs ascent. Results of t test (significance and degrees of 
freedom ‘t’ are included. 
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Figure 3-5: Box and whisker plots of the relative performance of the seven fitness trackers 
walking up 95 stairs  
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3.2.4 Discussion 

No single tracker performed well on all of the four experiments (walking at 3 km/h, jogging at 7 

km/h, stairs descent and stairs ascent). Overall, the trackers seemed to perform best at the 3 

km/h walking speed, with four trackers showing a statistically significant correlation with true 

steps. A statistical correlation with stairs ascent was also identified for three trackers. 

Interestingly, there was no overlap in the two groups, with different trackers being accurate in 

both experiments. 

Other experiments have shown similarly mixed results [117,200–202] for the accuracy of 

commercially available fitness trackers in variable conditions. For example, a study of 25 

participants found that the Fitbit Ultra failed to measure any steps when walking at slow speed 

(3.24 km/h). This effect was not noted in my experiment, but it highlights the inter-device 

inaccuracy noted in different settings. In this experiment, trackers did not perform well at 

measuring steps while jogging at 7 km/h and stairs descent, with none of the trackers showing 

a statistically significant correlation to true step count.  

Despite the noted inaccuracies, there is still merit in including a wearable device sub-study in 

the iROC trial. As four of the trackers tested correlated significantly with true-step-count at the 

walking pace, the majority of steps patients will take will be reflected in the measured step-

count. The current experiment was performed to compare the accuracy of trackers in healthy 

volunteers, but we did not measure test-retest reliability or reproducibility. This is an important 

aspect to consider, and has been tested by other researchers in the field[203]. Their experiment 

included the vivofit 2 and Misfit Shine, and found that these devices step-count errors of 1% and 

6% respectively. 
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While these experiments highlight the ‘bluntness’ of trackers as an instrument to take accurate 

and precise measurements of step-count, wearable devices still offer a unique opportunity to 

monitor patient activity passively outside the hospital environment. 
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3.2.5 Selecting a wearable device for prospective trial 

While it would be ideal to use a device that performed well in all scenarios, this is unlikely given 

the data presented. For the purposes of our patient population undergoing radical cystectomy, 

the pragmatic tracker of choice would have to be from the four that performed well at the 

walking speed: Misfit Shine, Misfit Ray, Jawbone Up Move and Fitbit Charge HR. The Fitbit 

Charge HR does not fit the criteria set out due to battery life constraints. However, following the 

completion of our experiments, the company producing the Jawbone Up (Jawbone Inc.) 

announced that they were undergoing liquidation and will stop production of all products[204]. 

Therefore, we decided to use the Misfit Shine 2 tracker for our prospective trial, as it was more 

accurate than the Misfit Ray. However, Misfit had supply issues in the UK after supplying their 

first consignment of Shine 2 trackers, and the Misfit Ray tracker was used for the majority of the 

study. 

As shown in section 3.2.3, the Misfit Shine 2 showed the strongest correlation (p=0.004) with 

true step counts at the walking speed (3 km/h). This was at the expense of accuracy, as it only 

captured 91.8% of steps in its count. Similarly, the Misfit Ray also showed a significant 

correlation (p=0.021) but only captured a median 84.4% of the total steps. All other scenarios 

(jogging speed 7 km/h, stairs descent, stairs ascent) showed mixed results, but are likely to be 

less important in patients recovering from a major operation such as radical cystectomy. 

As both Misfit devices under-counted steps in this experiment, this result may be replicated in 

patients in the iROC trial. However, this will still be an important first step to activity tracking in 

this patient cohort which has not been done before. These limitations must be acknowledged 

when interpreting the step-counts collected from these wearable devices. In the future, we hope 

that devices will be improved with better hardware or new firmware that can improve their 

accuracy.  



134 
 

 Testing the specifications of trackers 

No additional ethics were required for this section the study, no subjects were recruited for this 

study. Members of the iROC protocol planning committee tested the devices within the group 

for the step-count logging stage. All other experiments were performed by me. 

3.2.5.1.1 Wrist-wearable 

Both the Misfit Shine 2and Misfit Ray come with a wrist-wearable strap in the box. In the case 

of the Shine 2, a removable strap is provided, alongside a circular fitness tracker. Additionally, a 

belt clip is also provided, and the fitness tracker can be slotted into either the removable wrist-

strap or the belt clip. The Ray strap on the Ray is non-removable, and there is no belt clip 

provided. Both trackers use thermoplastic polyurethane straps, with grooves on one end of the 

strap, and a pin on the other end to fasten the tracker to the wrist. 

3.2.5.1.2 Waterproof 

After being left in a beaker of water at room temperature for 30 minutes, all trackers were still 

functional – the LEDs on both trackers lit up when tapped. Both devices were then connected 

wirelessly to the smartphone companion application and were able to complete data sync.  

3.2.5.1.3 Daily step-count logging 

All five Misfit Ray devices and five Misfit Shine 2 devices were able to complete data sync and 

provide data for day 2 on the first attempt. The ten trackers collected a median of 13628.5 steps 

(IQR 11847.5-16290.5) in one day. The mobile application also provided data on distance 

walked, calories and sleep, as shown in Figure 4-5. This data was not collected for the purpose 

of this study. 
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Figure 3-6: Screenshot of the Misfit mobile application on iOS showing data collected from one 
day including step-count, calories, distance in miles. 

 

3.2.5.1.4 Battery life of > 14 days 

On day 18, all ten devices were tapped to re-activate, and LEDs activated immediately. Following 

this, login was attempted on the mobile application to check battery level.  

Misfit Ray devices were logged into on the first attempt. The Misfit Shine 2 required a mandatory 

software update which was performed after pairing the device to the smartphone. However, in 

all instances, this led to the mobile app becoming unresponsive after the update was marked as 

complete. After manually force-closing the application and restarting, four of the five devices 
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completed sync without any issues. For the last device, an additional step of un-pairing and re-

pairing the tracker was needed. Following this process, data extraction was attempted. 

Battery life on all ten devices was labelled “Full” by the Misfit application. Figure 4-6 displays the 

screenshot for a Misfit Ray device, along with how recently the battery level of the device was 

checked (3 minutes ago in Figure 4-6). Other device levels that can be displayed by the 

application are “High”, “Medium” and “Low”. These are the same levels used by the Misfit Shine 

devices. Batteries are user-replaceable in both devices, with three AG5 and one CR2032 required 

for the Misfit Ray and Misfit Shine respectively. 
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Figure 3-7: Misfit Mobile application screenshot illustration the battery level for a Misfit Ray 
device 

 

3.2.5.1.5 Local storage of > 14 days 

After re-pairing the devices as described in section 4.1.4.5, all ten devices showed a non-zero 

number in the companion application, and were deemed to have data storage of at least 14 

days. 
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3.2.6 Conclusions 

Of the four devices tested, only the Misfit Ray and Misfit Shine devices fit the criteria and were 

available. Both devices are suitable for use in a fitness tracking sub-study for the iROC trial. Both 

devices do not have an in-built display, which has the additional advantage of blinding patients 

to their own step-count, preventing patients from using the devices for goal-setting during the 

study. Since the Misfit Shine 2 had production issues at the beginning of the iROC trial, the Misfit 

Ray tracker was used for the wearable device sub-study. 
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3.3 Measurement of health status using PROMs prospectively in patients 

undergoing iRARC 

3.3.1 Introduction 

As discussed in the systematic review and meta-analysis of RCTs comparing RARC vs ORC 

(Section 2.3), patient reported outcome measures (PROMs) in the form of questionnaires are 

frequently used in RCTs, including those comparing ORC and RARC. As discussed in section 1.4.3, 

there are various different PROMs used to measure HRQOL for patients who have undergone 

RC, with the EORTC QLQ-C30 questionnaire being one of the two most commonly used[97]. 

Compared with the SF-36 (the other most commonly used questionnaire for patients undergoing 

RC), the EORC QLQ-C30 questionnaire has the advantage of being modular, which means that 

its data can be analysed by different domains - physical, role, emotional, cognitive and social 

function, as well as a global health score. The WHODAS 2.0 questionnaire is a validated 

questionnaire measuring health and disability used across all diseases. Due to these reasons, the 

WHODAS 2.0 and EORTC QLQ-C30 questionnaires were chosen to provide validated 

measurement of HRQOL for patients in the iROC study. 

In this section, I will summarise the results of prospectively collected EORTC QLQ-C30 and 

WHODAS 2.0 questionnaires from patients undergoing RARC at a high-volume centre in the UK. 

The full methodology is outlined in section 3.3.2. 

PROM questionnaires provide insight about patients’ own assessment of their health status, 

which can be useful in assessing their return to normal function if a pre-operative baseline has 

been established. Unlike objective metrics like length of stay and complication rates, they also 

allow for measurement of the impact of surgery on patients’ daily activities and lives. Additional 

to a global health status score, the EORTC QLQ-C30 questionnaire is a modularised questionnaire 

and offers measurement of functional scales and symptom scales. In contrast, the WHODAS 2.0 

questionnaire provides an overall disability score only. 
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In this section, I will present the results of the EORTC QLQ-C30 questionnaire at three different 

timepoints (baseline, 3 months and 6 months) and assess for correlations between the two 

questionnaire scores. Additionally, I will compare the QoL questionnaire scores for patient 

groups who had complications during their peri-operative recovery. 
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3.3.2 Methods 

 Sample 

Twenty-six patients undergoing intracorporeal robotic radical cystectomy (iRARC) at UCLH 

participated in this service development program to collect PROMs from patients in a clinical 

care pathway. 

 Data collection 

3.3.2.2.1 Participant information 

At time of recruitment, patient sex, age, BMI, diversion type and ASA was collected. 

Complications in the peri-operative period (90-days post-cystectomy) were graded according to 

the Clavien-Dindo Classification of surgical complications. Patients were divided into two groups: 

1) major complications (CD≥3) and 2) minor or no complications. 

3.3.2.2.2 Instruments 

Health-related Quality of life questionnaires were given to patients at baseline, 3 months and 6 

months post-operatively. The questionnaires used are: EORTC-QLQ-C30 and the WHODAS II 

questionnaires. 

3.3.2.2.2.1 WHODAS 2.0 

The World Health Organization Disability Assessment Schedule II (WHODAS 2.0) 36-item version 

is a validated[205] generic instrument for health and disability.  

3.3.2.2.2.2 EORTC QLQ-C30 

The European Organisation for Research and Treatment of Cancer has designed and 

validated[206] a modularised quality-of-life questionnaires (QLQ) to monitor patients with 

cancer (C30). The C30 has been validated for use in cancer patients, and offers modularised 

functional domains: physical, role, emotional, cognitive and social function, as well as a global 

health score. 



142 
 

 Analysis 

All statistical analyses were carried out using SPSS for Windows version 25.0. Patient 

characteristics of the cohort are reported using descriptive statistics. Completion rates for 

questionnaires at each timepoint are reported in percentages. As the EORTC QLQ-C30 

questionnaire is modularised, scores were tabulated for individual domains of health and the 

global QoL score, and calculated using EORTC’s scoring manual[207]. For the WHODAS 2.0 

questionnaire, only the global QoL score was recorded. Wilcoxon signed ranked test was 

performed to compare quality of life measures collected from each questionnaire. Mann-

Whitney U test was performed to compare non-parametrically distributed independent 

variables, and Wilcoxon Signed Ranks test was performed to compare non-parametrically 

distributed dependent variables. 
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3.3.3 Results 

 Baseline characteristics 

26 patients undergoing RC participated in this observational study. Patient characteristics at 

baseline are describe in Table 3-6. All 26 participants had urothelial cell carcinoma (UCC) and 

underwent robot-assisted radical cystectomy with intracorporeal urinary diversion (iRARC). 

Overall, 69.2% of patients had MIBC (≥T2). In line with the incidence and prevalence of bladder 

cancer[5], the majority of participants were male (84.6%). 

 

Characteristics n % 

Sex 
  

Male 22 84.6% 

Female 4 15.4% 

Age median (IQR) 72 (66.25-75.75) 

BMI 
  

<18.5 0 - 

18.5-24.9 7 26.9% 

25-29.9 12 46.2% 

>29.9 7 26.9% 

Urinary diversion 
  

Ileal Conduit 24 92.3% 

Continent 
diversion 

2 7.7% 

ASA 
  

1 0 - 

2 15 57.7% 

3 11 42.3% 

Histology 
  

UCC 26 100.0% 

SCC 0 - 

Adenocarcinoma 0 - 

Other 0 - 

Table 3-6: Patient characteristics at baseline 

 Completion rates 

Summary of completion rates are presented in Table 3-7. Completion rates for the EORTC QLQ-

C30 questionnaire at baseline were higher than the WHODAS 2.0 (100% vs 61.5%). This is likely 
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to be attributed to the fact that the questionnaire bundle had the EORT QLQ-C30 questionnaire 

bundled in front of the WHODAS 2.0 36-item questionnaire. Patients who responded to the 

baseline questionnaires were asked to complete the post-operative questionnaires, and the 

completion rates for the WHODAS 2.0 questionnaire were higher at 3 and 6 months (68.8% and 

93.8% respectively).  

 WHODAS2.0 EORTC QLQ-C30 

Baseline 16/26 (61.5%) 26/26 (100%) 

3-month 11/16 (68.8%)* 23/26 (88.4%) 

6-month 15/16 (93.8%)* 26/26 (100%) 

*Only patients who completed questionnaires at baseline were offered 
questionnaires post-operatively 

Table 3-7: Completion rates for WHODAS 2.0 and EORTC QLQ-C30 questionnaires 
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 EORTC QLQ-C30 questionnaire scores 

A Wilcoxon signed-rank test showed that radical cystectomy elicited a statistically significant 

change in physical function (PF) at 3 months (Z = -2.254, p = 0.024) and 6 months (Z = -2.681, p 

= 0.007). This is despite the median PF score being similar (96.7, 93.3 and 93.3 at baseline, 3 

months and 6 months respectively) both pre- and post-cystectomy. 

No significant difference was identified in cognitive, emotional and social functions when 

compared to baseline. Figure 3-8 shows the PF and QoL scores of the patient cohort as box and 

whisker plots before and after RC. The majority of patients were below their pre-operative 

physical function scores even 6 months after RC. While the median QoL score remained 

relatively stable pre and post-RC, the confidence interval was wider at the lower margin, as 

shown in Figure 3-8(a). Like QoL, Role function (a measure of an individual’s ability to perform 

tasks related to their daily routine) was also found to be significantly different at 6 months when 

compared to baseline, but this difference was not noted at 3 months.  

In section 3.3.3.6, the correlation between major complications and change in quality of life is 

presented. 
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Baseline 
Median 

(IQR) 

3 months 
Median 

(IQR) 

6 months 
Median 

(IQR) 

Test statistics 

Physical 
Function 

96.7 (86.6-
100) 

93.3 
(86.7-100) 

93.3 
(71.7-100) 

p-value 0.024 0.007 

Coefficient -2.254 -2.681 

Role 
Function 

100 (100-
100) 

100 (83.3-
100) 

100 (79.2-
100) 

p-value 0.130 0.032 

Coefficient -1.513 -2.140 

Cognitive 
Function 

100 (83.3-
100) 

100 (83.3-
100) 

83.3 
(83.3-100) 

p-value 1.000 0.330 

Coefficient 0.000 -0.975 

Emotional 
Function 

91.7 (75.0-
100) 

91.7 
(75.0-100) 

83.3 
(72.9-100) 

p-value 0.683 0.512 

Coefficient -0.409 -0.655 

Social 
Function 

83.3 (66.7-
100) 

100 (83.3-
100) 

83.3 
(66.7-100) 

p-value 0.608 0.245 

Coefficient -0.513 -1.163 

Quality of 
Life (Global 

Health) 

83.3 (70.8-
83.3) 

83.3 
(75.0-
83.3) 

83.3 
(47.9-
93.7) 

p-value 0.413 <0.001 

Coefficient -0.819 -3.536 

p-values and test statistics (z-value) are generated from Wilcoxon Signed Ranks test. 

Table 3-8: Scores of individual domains and overall quality of life measured by the EORTC QLQ-
C30 questionnaire, and results of Wilcoxon signed-rank test comparing baseline to post-
operative scores 
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Figure 3-8: EORTC QLQ-C30 Physical function (a) and QoL (b) before and after RC, represented as 
box and whisker plots 
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 WHODAS 2.0 questionnaire scores 

Unlike the EORTC QLQ-C30 quality of life scores, there was a decline in the median quality of life 

score after RC from 5.20 at baseline to 4.16 at both 3 and 6 months respectively. However, there 

was no statistically significant difference between WHODAS 2.0 quality life scores at baseline 

and post-operatively. 

In section3.3.3.5, correlations between WHODAS 2.0 disability and EORTC QLQ-C30 global 

health scores are explored. 

 Baseline 3 months 6 months Test Statistics 

Quality of 
Life 

score (IQR) 

5.20 (4.14-
9.89) 

4.16 (2.08-
39.58) 

4.16 (1.56-
32.81) 

p-value 0.489 0.925 

Coefficient -0.692 -0.094 

Table 3-9: Global quality of life score as measured by the WHODAS 2.0 questionnaire 
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 Correlations between EORTC QLQ-C30 and WHODAS 2.0 quality of life scores 

Figure 3-8(b) and Figure 3-9 illustrates the quality of life scores measured by the EORTC QLQ-

C30 and WHODAS 2.0 questionnaires as box and whisker plots. Compared to baseline, the 

median C30 global health score increases whereas the WHODAS 2.0 disability decreases. This is 

in line with clinical recovery as patients are recovering by three and six months after surgery. 

Spearman rho correlation results are tabulated in Table 3-10. There is a statistically significant 

correlation between quality of life scores as assessed by the WHODAS 2.0 and EORC QLQ-C30 

questionnaires at all three timepoints. As the WHODAS 2.0 score measured disability (low score 

= low disability) and the EORTC QLQ-C30 global health status measures level of functioning (low 

score = low level of functioning), the correlation coefficient at all three timepoints is negative. 

 

 

Figure 3-9: Box and whisper plots of quality of life scores measured by WHODAS 2.0 
questionnaire at three different timepoints. 
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 WHODAS2.0 
EORTC QLQ-

C30 

 
p-value 

Baseline 5.20 (4.14-9.89) 
83.3 (70.8-

83.3) 

p-value 0.004 

Coefficient -0.692 

3-month 4.16 (2.08-39.58) 
83.3 (75.0-

83.3) 

p-value 0.044 

Coefficient -0.526 

6-month 4.16 (1.56-32.81) 
83.3 (47.9-

93.7) 

p-value <0.001 

Coefficient -0.768 

Table 3-10: Spearman Rho correlation between quality of life scores measured by WHODAS 2.0 
and EORTC QLQ-C30 questionnaires at three different timepoints. 
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 Relationship between major complications and quality of life scores at 90 days 

No significant relationship was identified between major complications at 90 days and patient 

reported quality of life scores. Table 3-11 summarises the major complication (≥3) and minor 

complication (≤2) groups according to the Clavien-Dindo classification, and Table 3-12 

summarises the test statistics. No statistically significant relationship was identified between 

major complications and quality of life.  

 

 
 90 days Clavien-Dindo 

grade 
N Mean 

Rank 
Sum of 
Ranks 

EORTC QLQ-C30 QoL 
score at 3 months 

≤2 16 11.28 180.50 

≥3 5 10.10 50.50 

Total 21   

WHODAS2.0 QoL 
score at 3 months 

≤2 10 7.00 70.00 

≥3 4 8.75 35.00 

Total 14   

Table 3-11: Quality of life measures and 90-day Clavien-Dindo grade of complications, with 
patients grouped into major complications (≥3) and none or minor complications (≤2). 

 

 EORTC QLQ-
C30 QoL 
score at 3 
months 

WHODAS2.0 
QoL score at 
3 months 

Mann-Whitney U 35.500 15.000 

Wilcoxon W 50.500 70.000 

Z -0.388 -0.713 

Asymp. Sig. (2-tailed) 0.698 0.476 

a. Grouping Variable: 90 days complications CD ≥ 3 

b. Not corrected for ties. 

Table 3-12: Test statistics for the Mann-Whitney U test comparing quality of life measured by 
WHODAS 2.0 and EORTC QLQ C-30, with patients grouped into major complications (≥3) and 
none or minor complications (≤2). 
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3.3.4 Discussion 

Compliance rates for the WHODAS 2.0 questionnaire (61.5%) at baseline are much lower than 

the EORTC QLQ-C30 Questionnaire (100%). As the EORTC QLQ-C30 questionnaire was presented 

first, this is likely to be due to questionnaire fatigue. Swapping the order of the questionnaires 

may also help assess if patients have a preference for one questionnaire over the other but this 

has not been assessed in this study. A shorter, validated version of the WHODAS 2.0 

questionnaire is available, and can be used for future trials where multiple questionnaires need 

to be collected. Post-operative compliance improved to 68.8% and 93.3% at 3 months and 6 

months respectively for the WHODAS 2.0 questionnaire, implying that patients who filled out 

the second questionnaire at baseline were more likely to continue responding. While this finding 

could indicate that patients are inherently less likely to complete the WHODAS 2.0 

questionnaire, our sample size in this current study is limited so a bigger study would need to 

be done to assess this comprehensively. This conclusion is unlikely as the WHODAS 2.0 

questionnaire is used in many different disease groups in the literature. 

As expected, undergoing major surgery such as RC had a significant impact on the physical 

function post-operatively when compared to baseline. However, this effect was still noted 6 

months post-operatively. Figure 3-8(a) shows the box and whisker plot for post-operative 

physical function measured by the EORTC QLQ-C30. Physical function does not recovery 

completely even 6 months after RC also shown in Table 3-8. The majority of patients reported 

lower physical function at 6-months post-operatively when compared with baseline. This is 

reflective of the prolonged recovery period following a major operation such as RC. 

There was a statistically significant relationship between the QoL scores collected from both 

questionnaires at all timepoints. While the WHODAS 2.0 and EORTC QLQ-C30 are validated in 

chronic disease and cancer patients respectively, they have not been validated for use 

specifically in bladder cancer patients. Despite this, the EORTC QLQ-C30 questionnaire is 
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commonly used and well-accepted to measure QoL outcomes after radical cystectomy for 

bladder cancer[97]. The concordance between the QoL measurements between both 

questionnaires suggest that these instruments note similar trends in recovery in patients. This 

relationship will be tested more robustly after the completion of the iROC trial in a larger sample 

size. 

Of note, no significant correlation was noted between major complications (CD≥3) and patient 

reported QoL scores for both the WHODAS 2.0 and the EORTC QLQ-C30. Given that major 

complications are complications requiring surgical intervention, admission to intensive care or 

death (there were no deaths noted in our current cohort), it is surprising that no difference was 

identified between the two groups. Previous studies have noted that PROM scores do not 

correlate with quality of care or surgery, as PROMs are patients’ own assessment of their 

expectation of what their recovery should be like[208]. It could also be attributed to the fact 

that patients felt that their complications were dealt with that did not impact their overall 

quality of life at the post-op timepoint. However, this could be attributed to the small sample 

size, relatively few ‘events’ (major complications) or other delays in recovery. In the iROC trial, 

we will be able to explore the relationship between patients’ perception of health measured 

through validated PROM instruments and objectively measured peri-operative outcomes in a 

larger group of patients. As the EORTC QLQ-C30 questionnaire is modularised and includes a 

physical function domain, it would be important to understand if the patient-reported score is 

consistent with an objective measure of mobility. 

 

  



154 
 

3.3.5 Conclusions 

Health-related Quality of Life (HRQoL) measurement in the form of PROM questionnaires are an 

important tool in assessing recovery from RC. To improve compliance in the iROC trial, patients 

will be offered the WHODAS 2.0 12-item version, instead of the 36-item version that was used 

in this preliminary study. Both the WHODAS 2.0 and EORTC QLQ-C30 questionnaires are 

validated questionnaires in assessing overall QoL (in patients with chronic disease and cancer 

respectively), but the EORTC QLQ-C30 offers more modularised information divided into the 

various health domains. This allows for a more granular approach to analysing this data, as 

specific health domains can be interrogated as opposed to a single quality of life or disability 

score. An important health domain assessed in the EORTC QLQ-C30 is physical function, and it 

would be useful to compare patients’ perception of their physical function to objectively 

measured physical activity using wearable devices. 
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3.4 Chapter conclusions 

In this chapter, I tested various fitness trackers for accuracy, precision, and the criteria set out 

for their suitability for use in a trial comparing ORC and iRARC. None of the devices performed 

well in the different environments (walking at 3 km/h, 7 km/h, up and down stairs), overall 

devices performed the best at 3 km/h. Additionally, these errors in calculations maybe be more 

apparent when a smaller number of total steps are measured, and the percentage difference 

may be smaller when monitoring activity for a daily total. Despite these limitations, he Misfit 

Shine 2 and Misfit Ray were found to be the most appropriate wearable devices for use in the 

iROC trial. Aside from comparing recovery across the two arms in a trial, activity measurement 

could also be a surrogate for post-operative mobility, and provide information about the effects 

of complications on recovery in the peri-operative period.  

PROMs such as the WHODAS 2.0 and EORTC QLQ-C30 questionnaires are validated measures of 

health status in patients with chronic disease, and could similarly be used to measure post-

operative health and quality of life (QoL). The global QoL scores and mobility scores could be 

compared to the objectively measured physical activity recorded by wearable devices. Used in 

tandem, they may offer a more holistic understanding of the individual patient’s journey 

through complex surgery. 
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Chapter 4 Designing a trial to compare open and robotic 

cystectomy with a sub-study using wearable devices to measure 

patient mobility
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4.1 Chapter summary 

The work undertaken in this thesis draws on data collected as part of the iROC trial – a 

prospective multi-centre randomised-controlled trial comparing open radical cystectomy vs 

robot-assisted radical cystectomy with intracorporeal diversion for bladder cancer. I was 

involved in the design and development of the iROC trial, and wrote the trial protocol under the 

guidance and supervision of the Chief Investigator (Professor James W.F. Catto) and Co-

Investigator (Professor John D. Kelly). The full trial protocol is published in the BMJ Open 

Journal[199]. The full version of the protocol is included in Error! Reference source not found.. 

Relevant portions of the trial protocol are summarised in this chapter to provide a skeletal 

overview of the trial, and it also draws from the protocol manuscript published in the BMJ Open 

Journal[199]. The trial visit schedule provides the structure for clinical follow up, and the fitness 

tracker sub-study was designed pragmatically to collect data on a similar schedule. As the remit 

of this thesis extends beyond the scope of the iROC primary outcome, later chapters provide 

detailed methodology for specific experiments.  
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4.2 The iROC trial 

The iROC trial was designed to fill an unmet need described in section 2.3.4 – the lack of a 

randomised trial offering comparisons to RARC with intracorporeal urinary diversion (iRARC). All 

five RCTs offering comparisons between ORC and RARC have used eRARC for the robotic 

comparator. As discussed in section 2.3, all of these have failed to show a significant difference 

in recovery. 

The results of the RAZOR trial have shown that the robotic approach is non-inferior to ORC[36] 

in 2-year oncological outcomes. As highlighted in section 1.2, The extirpative (cancer removal) 

component of eRARC and iRARC are similar, but the diversion is performed open and robotically 

respectively. As such, the pertinent unanswered question remains centred on early recovery. 

Based on IRCC data[48], gastrointestinal complication rates were significantly lower in the iRARC 

group compared with eRARC. The overall 90-day complication rates were not significantly 

different, but a trend favouring iRARC was identified (41% vs 49%, p = 0.05). 

In the UK, 67.8% and 20.6% of RCs are performed as ORCs and RARCs respectively, according to 

the cystectomy national audit[29] data for 2014-2015. Only a sub-set of the RARCs are 

performed intracorporeally, and a further subset of those are performed by experienced 

surgeons in high-volume centres. Recommendations published by Pasadena Consensus panel 

suggests that a learning curve exists for RARC, and provides guidance for gaining experience 

safely to operate intracorporeally.  

4.2.1 Endpoints 

Endpoints were selected for the iROC trial based on the results presented in section 2.3. 

Measures of recovery such as length of stay and CD classification of complications measure 

aspects of recovery from surgery. While these are both important measures of surgical recovery, 

newer metrics like ‘days alive and out of hospital’ (DAOH) aim to capture the impact of the length 

of stay and any re-admissions to hospital on patient’s normal function at home. To measure 
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DAOH at 90 days, all days spent in hospital (index admission and any resulting admission nights) 

are subtracted from 90 days.  

Primary endpoint: Days alive and out of hospital (DAOH) at 90 days following RC 

The original primary outcome was log(DAOH) within the first 90 days from surgery. However, a 

review of blinded interim analysis (this data is presented in Chapter 1) suggested that this 

outcome would be left skewed and that other sample size assumptions would not hold. The 

primary outcome measure was subsequently modified to log(90-DAOH) within the first 90 days 

from surgery. 

The secondary endpoint measures include: 

1) Quantified activity levels (baseline, 5 days, 5 weeks, 3 months, 6 months, 12 months): 

Fitness tracking devices will record steps taken for 7 consecutive days at predetermined 

time points 39. The WHO 30 Second sit to stand test will also be administered at these 

time points 33. 

2) EORTC QLQ-BLM30 & QLQ-C30 (baseline, 5 weeks, 3 months, 6 months, 12 months): A 

30-item questionnaire for patients with bladder cancer (T2, T3, T4a and T4b). This 

module is designed to be used in conjunction with QLQ-C30 and includes an assessment 

of urinary symptoms, bowel symptoms, sexual functioning, urostomy problems, 

problems associated with the use of a catheter, and body image 31 32. 

3)  EQ-5D-5L (baseline, 5 weeks, 3 months, 6 months, 12 months): a self-completion tool 

for patients which is applicable to a wide range of health conditions and treatments. 

Measured domains include mobility, self-care, usual activities, pain and anxiety or 

depression 29. 

4) WHODAS 2.0 (baseline, 5 weeks, 3 months, 6 months, 12 months): a generic assessment 

instrument for health and disability used across all diseases, including mental, 

neurological and addictive disorders directly linked at the level of the concepts to the 
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International Classification of Functioning, Disability and Health (ICF). WHODAS 2.0 

covers 6 Domains of Functioning, including cognition, mobility, self-care, getting along, 

life activities and participation 30. 

5) Oncological outcomes (3 months, 6 months, 12 months): The curative outcomes from 

the RC will be examined at 3, 6 and 12 months to determine local and distant recurrence, 

metastases, need for palliative treatment and survival (overall and cancer specific). CT 

scans will be undertaken at 12 months, according to usual practice, and if clinically 

indicated. 

6) Translational sample collection (baseline, 1 month, 3 months, 6 months, 12 months): 

At baseline and during cystectomy, blood, urine and tissue (paraffin-embedded) will be 

collected. This is to test and validate a cell-free DNA based biomarker for both blood 

and urine in the detection of cancer mutations associated with bladder cancer.  

The full table of events for the iROC trial is summarised in Table 4-1. This schedule serves as a 

guide for when all data was collected during the trial. 
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4.2.2 Study population 

The iROC trial will recruit patients referred to high-volume tertiary centres for radical cystectomy 

for bladder cancer. Participants will be recruited from NHS cancer centres undertaking both ORC 

 Baselin

e 

RC Post-op Visit 

2 

Visit 

3 

Visit 4 Visit 

5 

Time: Pre-op Day 0 
POD 

4-7 

5 wks 

±2 

wks 

12 

wks 

±2 

wks 

24 wks 

±4 wks 

1 yr 

±4 

wks 

Informed consent & 

randomisation 

X       

Demographic data, medical 

history etc. 

X       

Physical examination, vital signs  X       

Fitness for surgery assessment X       

12-lead ECG and CPET testing 1 X       

Haematology & Biochemistry X   X X X X 

Pregnancy test 2 X       

Translational and research bloods 
3 

X   X X X X 

Urinalysis X       

Urine collection for research 3 X       

Chest, abdomen and pelvis 

imaging4 

X     X X 

Clavien-Dindo assessment   X X X   

Adverse events  X X X X X X 

Tumour sample  X      

Paraffin embedded tissue  X      

Survival and treatment data   X X X X X 

EQ-5D-5L X   X X X X 

WHODAS 2.0 X   X X X X 

EORTC QLQ-BLM30 X   X X X X 

30 Second Chair to Stand test X  X X X X X 

Quantified activity levels (steps 

tracker) 

X  X X X X X 

Abbreviations: RC = Radical Cystectomy; POD = Post-operative day;  

1 CPET: Cardio Pulmonary Exercise Testing only in participating centres that routinely perform this 

test 

2 Can be urine or blood-based pregnancy test, depending on site’s standard of care 

3 Home collection kit to be given 

4 Imaging schedule is not mandated by the trial. However, if imaging studies have been conducted, 

these results are collected 

Table 4-1: Timing of events and outcome collection for the iROC trial 
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and iRARC. Recruiting centres will be invited by the Trial Management Group (TMG) as having 

well developed RARC programs with sufficient volume to recruit a reasonable number of 

patients to the trial (see section 4.2.4.1).  

The full inclusion and exclusion criteria for patients are as follows: 

 Inclusion Criteria 

i. Participants must be over 18 years of age.  

ii. Histopathological confirmation of bladder cancer (UCC, SCC, adenocarcinoma or 

rare variant)  

iii. CIS or stage pTa or pT1 or ≥pT2 or mobile bladder mass on bimanual examination 

under anaesthesia  

iv. Node status ≤ N1 on imaging criteria or PET –ve outside pelvis 

v. ECOG grade 1,2 or 3. 

vi. Able to give informed written consent to participate. 

 Exclusion Criteria 

i. Unwilling to undergo cystectomy. 

ii. Previous abdominal surgery rendering them unsuitable for either iRARC or ORC. 

iii. Patients with upper urinary tract disease. 

iv. Concomitant disease that would render the patient unsuitable for the trial 

v. Pregnant or lactating females 

vi. Previous radiotherapy for bladder cancer 

4.2.3 Sample size 

For the complete trial, the sample size was initially set at 320, to be amended according to the 

results of the interim analysis. More information about the power calculation for the main iROC 

trial is included in the full protocol included in Error! Reference source not found.. An interim 

analysis was planned after the first 30 patients recruited completed 90 days of follow up 
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required for the primary outcome analysis. The purpose of the interim analysis is to serve as an 

internal feasibility study to test the practicality of recruitment and data collection. The primary 

outcome measure is the number of days alive and out of hospital within the first 90 days of 

follow-up, so a combination of the number of days in hospital and the number of days since 

death, if applicable.  

4.2.4 Setting 

 Surgeon and unit accreditation 

It is recognised that variations in surgical team performance and practice produce wide 

differences in morbidity and mortality from RC[209]. Previous UK based surgical RCTs have 

required audited data on surgical outcomes for all surgeons undertaking radical surgery within 

the trial (e.g. NIHR funded ProtecT RCT[210]). This approach proved successful at reducing 

variability in outcomes. Therefore, surgeons and surgical teams undertaking radical surgery 

within this study require accreditation from the Trial Management Group before undertaking 

such surgery.  

Surgeon accreditation is achieved through the submission of outcomes data from the last 

consecutive 30 RCs or preferably an export of consecutive contemporaneously collected 

outcomes from the BAUS RC complex dataset. Important measures used to assess accreditation 

include length of stay and pathological outcomes (node yields and positive margin rates). 

Accredited surgeons will have undertaken more than 10 RCs per year for the last 2 years as 

primary surgeon, have a median length of stay under 14 days and will have 90-day post-RC 

mortality rate of less than 5%. Individual surgeon data will act as surrogate measures for the 

entire surgical team. 

All centres recruiting for the iROC trial will be following the NHS England Chief Commissioning 

Policy, that there is no proven benefit for RARC over ORC[211]. Therefore, these centres will 
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withdraw RARC from standard of care, and only offer the treatment as part of the randomisation 

in the iROC trial. 

 

 Radical cystectomy 

Within this RCT, RC will be performed as is standard of care throughout the NHS. In females this 

includes anterior pelvic exenteration (with the uterus, fallopian tubes and a component of the 

anterior vaginal wall). The urethra will be excised in females choosing an ileal conduit. In males, 

this includes the prostate and seminal vesicles. Nerve sparing to the prostatic neurovascular 

bundles should be attempted as per typical practice in that unit. Oophorectomy is optional, as 

per local practice, and individualised for each patient. 

Pelvic lymphadenectomy should be included in all cases, unless contraindicated clinically. The 

lymphadenectomy template should include the external iliac, obturator and internal iliac nodes, 

with a proximal extension to the level of the ureteric crossing of the common iliac vessels. A 

more extended lymphadenectomy is acceptable. Excised lymphatic tissue should be submitted 

for histological analysis. 

Urinary tract reconstruction within this trial is limited to either i). ileal conduit or ii). Orthotopic 

neobladder (by whichever design is practiced by that unit). 

 Enhanced recovery pathways 

Centres will be expected to have an Enhanced Recovery programme in place locally. It should 

be based on the recently published BAUS Guidelines[62]. It is anticipated that there will be minor 

variation of practice between centres, according to local expertise, but each local protocol 

should be consistently applied within the individual centre and agreed by all surgeons 

performing RC. A baseline assessment will be made at each centre using a self-reported 

questionnaire and centres will also be asked to describe the process by which longitudinal 
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compliance with the protocol is assessed (examples could include a snapshot audit or SPC charts 

for length of stay).  

 

4.2.5 Data Collection 

All data collection will be online as this study will use an electronic Case Report Form(eCRF). 

All data will be entered in the approved iROC database by a member of the iROC study team and 

protected using established procedures. Access to the eCRF system will only be provided to staff 

with relevant authority delegated to them on the site’s delegation log. 

 Objective measures of performance status 

4.2.5.1.1 Cardiopulmonary exercise testing results 

There is some evidence that cardiopulmonary exercise testing (CPET) can be used to identify 

patients who are at higher risk of complications[86]. As an optional sub-study, recruiting sites 

were asked to provide data from CPET, if this test was performed on patients recruited into the 

iROC trial. 

4.2.5.1.2 30-second chair-to-stand (30-CtS) test  

The 30-second chair-to-stand test is used as a quick test of frailty in various healthcare 

settings[212–214]. Patients will be asked to perform the 30-second chair to stand test at four 

timepoints – baseline and 3 post-operative timepoints: day 5, 1 month and 3 months. The test 

involves patients being seated in a chair without armrests, folding their arms across their chest, 

standing up and sitting back down repeatedly. The number of times patients are able to stand 

up during the 30-second period is recorded as the score.  

4.2.5.1.3 Quantified activity levels using wearable devices 

Patients were consented to wear a wrist-worn wearable devices with a 3-axis accelerometer for 

seven consecutive days at the same timepoints as the 30-CtS testing. The tracker was issued to 
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patients in clinic, and monitoring started at midnight at the end of the day of clinic appointment. 

After the seven-day monitoring period, patients mailed the tracker back to the central receiving 

lab in a pre-stamped envelope, with a data label containing: Subject ID, patient initials or 

identifier, date of birth, cystectomy date, data tracker attached, and date tracker mailed. All 

fields except the date the tracker was mailed were pre-filled by the research nurse prior to the 

kit being issued. A photograph of the wearable devices kit is displayed in Figure 4-1. Daily step-

count data was extracted from wearable devices upon return to the central receiving lab. Each 

tracker was assigned a unique serial number, and was wiped with disinfectant before being re-

issued to a different patient.  

The 7-day monitoring period was selected pragmatically based on the findings of preliminary 

experiments presented in section 0 based on battery life and local data storage limits of 

affordable and available wearable devices and fitness trackers. Gretebeck and Montoye[215] 

have previously reported that at least 5-6 days of pedometer data were needed to accurately 

describe the activity pattern. 
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Figure 4-1: Photograph of the wearable device and kit issued to patients 

 

 Peri-operative complications 

4.2.5.2.1 Adverse events recorded using the Clavien-Dindo classification 

The Clavien-Dindo (CD) classification is used to grade surgical complications in the peri-operative 

period (see section 1.4.2.3). A grade of 0 refers to no complications during peri-operative 

recovery, and a grade of 5 refers to death. The full CD classification is outlined in Table 1-3. 

Complication data will be collected for 30 and 90 days post-operatively and reported according 

to the CD classification.  

4.2.5.2.2 Re-admission to hospital within 90 days of surgery. 

As noted in the systematic review in section 1.4.2.1, re-admission to hospital is often overlooked 

during data collection for RCTs, despite being as important as the length of stay during the index 

hospital admission. Re-admission days, and re-interaction with healthcare (GP visits, A&E visits) 

will be recorded during the first 90 days after RC. 



168 
 

4.2.5.2.3 30 and 90-day mortality rate 

Mortality rates for RC of 3-6%[75,216] have been reported in the literature. Therefore, high 

mortality rates are not expected in the iROC trial. Nonetheless, all deaths during the peri-

operative period will be reported in the 30 days and 90 days after RC. 

4.2.5.2.4 Translational sample collection 

Baseline blood, paraffin blocks and urine samples and sequential blood samples will be collected 

from patients participating in this study. Sequential blood samples will be collected at the time 

points outlined in section 4.2.1. An additional snap frozen tumour tissue sample will be collected 

at the time of cystectomy for a subset of patients at sites that are able process and store frozen 

samples. All blood and urine samples will be posted to the central receiving lab for storage and 

analysis. A summary of the samples to be collected and the time points is outlined in the study 

schedule and table of assessments (Table 4-1). 

This sub-study is included in the iROC trial because of a pilot project I worked on during my 

doctoral time. I bio-banked over 1,000 blood, urine and tissue from patients undergoing radical 

cystectomy for bladder cancer. Blood was collected from patients in the first year of follow-up, 

plasma separated and DNA extracted. DNA samples were interrogated for 20 bladder cancer-

related mutations using 50 primers. As part of this work, I published a systematic review of 

blood-based genomic and tumour-cell biomarkers[217], received The Urology Foundation 

Research Scholarship Award, won the Best Poster Prize at the American Urological Association 

2017 conference and was chosen for the Best Academic Papers session at the British Association 

of Urological Surgeons session. 

This work is not presented in this thesis, as the content is too divergent from the included 

material. 

4.2.6 Analysis Plan 

The statistical analysis plan for the trial will be decided before the completion of the iROC trial. 
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An interim analysis of the data on the first 30 patients will be done after completion of their 90-

day assessments. This analysis will be done on the 30 patients as a single cohort, and allocation 

to treatment arm (open vs robotic) will not be revealed. The purpose of this analysis is to adjust 

the power calculation of the iROC trial, but it will also provide data trends for secondary 

outcomes collected in the trial that are relevant to this doctoral thesis.  

Additionally, baseline and peri-operative recovery data collected for patients in the first year of 

recruitment will be analysed. This includes patient reported outcome measures, complications, 

step-count etc. For baseline data, correlations will be explored between daily step-count with 

objective measurements of health status (demographic data, cardiopulmonary exercise test, 

etc) and patient reported outcome measures (PROMs). For post-operative data, correlations 

between daily step-count and complications as well as 1-year survival will be explored. Detailed 

methodology for each section is provided before each results section in subsequent chapters. 

 

4.2.7 Trial registration details 

The iROC trial protocol received Health Research Authority: London- NRES Committee North 

East – Newcastle & North Tyneside 1 Research Ethics Committee approval on the 18th of January 

2017 (IRAS project ID: 211187; REC reference: 16/NE/0418, Error! Reference source not found.). 

This trial is registered on clinicaltrials.gov (NCT03049410) and ISRCTN (ISRCTN13680280). 

Subsequent amendments were submitted and approved and are included in Error! Reference 

source not found., Error! Reference source not found. and Error! Reference source not found.. 

Their changes are reflected in the final trial protocol in Error! Reference source not found.. 
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Chapter 5 The iROC trial interim analysis and recruitment 
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5.1 Chapter summary 

In this chapter, I will present the results of our pre-planned interim analysis, which was 

performed after the completion of 90-day follow-up of the first 30 patients. The purpose of this 

analysis is to test if recruitment for the iROC trial is feasible in the designated time duration. 

Further, to assess the feasibility and compliance with prospective sensor and QL data collection. 

The data collected remains blinded and will be presented in accordance with the CONSORT 

statement and reported descriptively. This chapter is a modified version of the manuscript 

published in European Urology[218], I am a joint-first author for this publication. 

 

 

  



172 
 

5.2 Pre-planned interim analysis and recruitment progress for the year 

5.2.1 Introduction 

As reported in section 2.3, all prior RCTs have been single institution studies, and have either 

been feasibility studies, closed before planned recruitment or designed to measure surrogate 

endpoints. The pooled dataset from prior trials only added up to 239 cases in total, which will 

be eclipsed by the iROC trial with its target recruitment of 320 patients. Of note, the recently 

completed RAZOR trial also has a sample size of 320 patients[36]. Furthermore, due to 

differences in PROM tools used by various studies, quality of life data could not be aggregated 

by prior studies. 

When designing the iROC trial, an interim analysis was included when sufficient follow-up had 

been reached (90 days) for the first 30 patients recruited into the trial. It is important to test the 

recruitment rate of patients into the trial to understand if the target recruitment of 320 patients 

is achievable with the trial milestones and funding available. Additionally, it was to test data 

collection for both primary and secondary endpoints. 
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5.2.2 Methods 

 Patient population 

Patients included in this analysis fit the inclusion and exclusion criteria described in Section 4.2.1. 

An interim analysis was planned as per the trial protocol (outlined in Section 4.2.6) after the first 

30 randomised patients completed 90 days of follow up post-RC. The 30th patient randomised 

underwent RC on 2nd August 2017.  

 Data extraction 

With the approval of the trial management group and the data monitoring committee, data from 

the electronic case report form (eCRF) was downloaded on 30th November 2017. Data was 

extracted from the following forms: baseline characteristics, intra-operative details, post-

operative recovery and outpatient follow-up forms. Randomisation arm (ORC or iRARC) data and 

any data that could reveal randomisation arm was excluded from data extraction, so all analysis 

will be reported as a single consolidated cohort undergoing RC. 

 Outcomes 

Complications data was collected as per the Clavien-Dindo classification described in section 

1.4.2.3. Length of stay, re-admission, complications, primary care engagement (General Practice 

or Accident and Emergency department) and post-operative histology were all collected. Days 

alive and out of hospital at 90 days were calculated using the formula DAOH = 90 – index 

admission days – re-admission days. Primary care engagement is not included in the DAOH 

metric which accounts for hospital admissions. 
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5.2.3 Results 

 Patient characteristics 

The CONSORT diagram of patients recruited into the iROC trial is shown in Figure 5-1, and patient 

demographics and baseline clinicopathological characteristics are summarised in Table 5-1. In 

total, 51 patients were screened for eligibility, 38 were approached for consent and 36 

consented to the iROC trial. Six patients were withdrawn from the iROC trial prior to 

randomisation, so a total of 36 patients were recruited before 30 were successfully randomised. 

Of the 6 patients who were withdrawn prior to randomisation, two were deemed to be 

screening failures (recruited despite failing to meet inclusion & exclusion criteria stated in 4.2.2), 

and four patients were subsequently withdrawn for the following reasons: one due to patient 

preference for radical radiotherapy instead of RC, two due to inoperable disease being identified 

at the time of pre-operative examination under anaesthesia and one being subsequently unfit 

for surgery due to co-morbidities. 

An additional patient was identified to have metastatic disease in theatre at time of RC, and 

diversion was performed as per the randomisation arm but no cystectomy was performed. This 

case was discussed with the trial management group, and the consensus was to include this 

patient in the interim analysis. 

The overall recruitment sample was predominantly male – 73.3%. As expected, the commonest 

histology type was UCC 26/30 (86.7%) followed by SCC 2/30 (6.7%) and other non-

adenocarcinoma histology 2/30 (6.7%). Three and sixteen (total: nineteen) patients were 

current or ex-smokers respectively, making up 63% of 30 patients consented into the trial. Five 

patients were due to undergo a continent diversion (orthoptic neobladder) formation, and the 

remaining 25 patients were due to undergo ileal conduit formation. 
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Figure 5-1: CONSORT diagram of patients consented for the iROC trial (interim analysis) 
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Gender 
  

Male (%) 22 (73.3) 

Female (%) 8 (26.7) 

Age Median (IQR) 69 (61.0-75.75) 

ECOG 0 (%) 4 (13.3) 

1 (%) 17 (56.7) 

2 (%) 8 (26.7) 

3 (%) 1 (3.3) 

Neoadjuvant  Chemotherapy n (%) 15 (50.0) 

Immunotherapy n (%) 1 (3.3) 

Histology 
  
  
  

UCC (%) 26 (86.7) 

SCC (%) 2 (6.7) 

Adenocarcinoma - 

Other (%) 2 (6.7) 

BMI Median (IQR) 26.6 (25.3-29.6) 

Smoking Current smoker (%) 3 (10) 

Ex-smoker (%) 16 (53) 

Non-smoker (%) 11 (37) 

Diversion type Ileal Conduit 25 (83.3) 

 Neobladder 5 (16.7) 

Table 5-1: Baseline characteristics of patients recruited for the iROC trial 
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 Surgical and Index admission outcomes 

Index admission outcomes of all 29 patients that underwent RC as part of the interim analysis 

cohort are summarised in Table 5-2. One intra-operative injury was identified – rectal injury that 

was repaired intra-operatively. Surgery times and intra-operative transfusion rates are not 

included for analysis, due to the risk of unblinding. All patients underwent the type of procedure 

they were randomised to receive. Re-interventions were defined as patients being taken back 

to the operating theatre or interventional radiology for a procedure under local or general 

anaesthetic. Only one patient underwent a re-intervention – for a reduction of an incisional 

hernia under general anaesthetic. Four patients had blood transfusions during their post-

operative hospital stay, with two receiving one unit and another two receiving two units.  

Length of stay median (IQR) 10 (6-15) 

Intra-operative injury n (%)  1 (3.4) 

Re-intervention n (%)  1 (3.4) 

Post-operative transfusions  1 unit n (%) 2 (6.9) 

2 units n (%) 2 (6.9) 

Tumour stage ≤pT1 n (%) 16 (55) 

 pT2 n (%) 9 (31) 

 pT3 n (%) 2 (6.9) 

 pT4 n (%) 2 (6.9) 

Node positive N+ n (%) 3 (10) 

Positive surgical margins n (%) 1 (3.4) 

Lymph Node count median (IQR) 13.5 (10.25-18.25) 

Table 5-2: Surgical and index admission outcomes collected as part of the iROC trial interim 
analysis 

Of the patients who underwent RC, 16 (55%) had ≤T1 disease, and 9 (31%), 2 (7%) and 2 patients 

had T2, T3 and T4 disease based on post-operative histology. One patient had a positive surgical 

margin, and three patients had node positive disease – all four patients had MIBC.  

 Peri-operative outcomes 

At 30 days post-operatively, no post-operative complications were observed in 10 (34%) of the 

29 patients, with 17 (59%) patients having minor complications (CD≤2) and 2 (6.9%) patients 

experiencing major complications (CD≥3). At 90 days, no post-operative complications were 

observed in 10 (34%) of the 29 patients, with 15 (52%) patients having minor complications 
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(CD≤2) and 4 (14%) patients experiencing major complications (CD≥3), the full summary of 

Clavien-Dindo Classifications is provided in Table 5-3. A total of 20 (69%) of patients accessed 

primary care (defined as GP and A&E visits) during the 90 days post-operatively, but only 5 (17%) 

patients were readmitted to hospital in this period. The median days alive and out of hospital 

was 80 days (IQR 71.75-83 days). Conversely, this means that the median days in hospital was 

10 (90 – DAOH), which is the same duration as the median length of stay. 

Primary care engagement n (%) 20 (69) 

Number of re-admissions n (%) 5 (17) 

DAOH at 90 days median (IQR) 80 (71.75-83) 

30-day CD classification 0 n (%) 10 (34.5) 

1 n (%) 5 (17.2) 

2 n (%) 12 (41.3) 

3 n (%) 2 (6.9) 

4 n (%) 0 (0) 

5 n (%) 0 (0) 

90-day CD classification 0 n (%) 10 (34.5) 

1 n (%) 3 (10.3) 

2 n (%) 12 (41.3) 

3 n (%) 3 (10.3) 

4 n (%) 1 (3.4) 

5 n (%) 0 (0) 

Table 5-3: Utilisation of healthcare services after primary discharge from hospital, Clavien-Dindo 
classification complications and days alive and out of hospital at 90 days. 

 

 Secondary outcomes 

5.2.3.4.1 Baseline measures 

Secondary outcomes for the iROC trial were to measure recovery using PROM questionnaires 

and activity trackers. Baseline compliance for each measure varied from 22/28 (79%) for activity 

trackers, 24/28 (86%) for CST30, 27/28 (96%) for WHODAS 2.0, 27/28 (96%) for QLQ-C30, to 

28/28 (100%) for EQ-5D-5L. Two patients were not asked to complete the baseline measures 

(deviation from trial protocol logged). Four patients refused CST30. Two trackers could not be 

successfully synced to retrieve step-count, and four additional patients were not issued trackers 

due to supply issues at the respective sites. The observed values (Figure 5-2) for the first 30 
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patients in the iROC trial at baseline were similar to comparable populations. The WHODAS 2.0 

score (average 15%) was approximately at the 78th percentile of general population[219], CTS30 

(average 13) was similar to that for >65 year old males and >60 year old females[213], and step-

count (average 5,750 steps) were slightly reduced compared to an a Canadian cohort of men 

and women who walked 7,869 and 6,970 steps/day, respectively [220]).  

 

Figure 5-2: Baseline distribution of multimodal metrics in patients undergoing radical 
cystectomy. 

 

5.2.3.4.2 Post-operative recovery 

As expected, each measure deteriorated after surgery (Figure 5-3). At day 5 (POD5) the average 

number of daily steps was 1840 ± 1348 (32±22% of baseline) and CTS30 was 8.3±5.3 (62.0±38% 

baseline). Activities levels improved such that by week 5 walking reached 74±32% of the baseline 

(4294±2370 steps/day) and CTS30 reached 96±35% baseline (12±4.3/30 seconds). By week 12 

many patients had returned to their baseline level of activity (average steps/day 6375±3246, 

99±47% baseline and CTS30 13±5, 108±33%). Patient reported qualitative disability scores 

contrasted activity levels. At week 5, WHODAS 2.0 disability reached 26±22% (which was 2.9±3.3 

fold higher than at baseline), before returning to pre-operative levels in most patients by week 
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12 (0.9±1.1 fold baseline). Changes in EQ-5D-5L scores rating ‘health today’(Q6) and QLQ-C30 

(Q29: overall health and Q30: QOL in past week) questionnaires mirrored activity levels with 

lower scores in week 5 (EQ-5D-5L 84±17%, QLQ-C30(Q29) 80±22% and QLQ-C30(Q30) 78±23% 

of baseline) that recovered to baseline by week 12 (93±17%, 98±16% and 93±16%, respectively). 

Patients seeking medical review after discharge (GP, A&E or hospital admission) averaged fewer 

daily steps at week 5 (medical review: 4069±2526 vs. no review: 4743±2132) and week 12 

(5535±1786 vs. 6724±3703), and had lower absolute CTS30 numbers at the same times (week 

5: 11.2±4.3 vs. 13.0±4.4 and week 12: 13.2±5.5 vs. 13.5±3.1), although the low sample size 

precluded meaningful statistical comparison. We hypothesised that multiple domains are 

needed to robustly measure recovery after RC and that accurate measurement will allow a 

meaningful comparison between open RC and RARC. Correlation of baseline data revealed no 

significant associations between measures of activity, qualitative disability or QOL data (Pearson 

correlation all p>0.08). Average daily steps did not correlate with CTS30 (r=-0.08, p=0.7 in 20 

patients) and was closest to the QLQ-C30 quality of life domain (r=0.41, p=0.08). In this small 

sample size, one could hypothesise that average daily steps quantify actual activity whilst CTS30 

is a measure of lower limb strength and exercise capacity (which may not be used). 
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Figure 5-3: Changes in quantified activity levels, exercise capacity and patient reported disability 
and 

 Feasibility & Recruitment in the first year of recruitment 

The interim analysis of the first 30 patients was completed from patients recruited at two NHS 

sites. However, for the trial to be completed on schedule, it was important to observe 

recruitment trends over a longer period. Trial progress was monitored through pre-defined 

checkpoints agreed with the funder before starting the trial in March 2017. In our agreed 

recruitment targets with the funder (The Urology Foundation), our recruitment milestone was 

set as 50 patients and open in three sites in the UK by the end of Month 12 (February 2018). 

By the end of Month 12, the iROC trial opened in five different UK teaching hospitals: 

1) University College London Hospital 

2) Sheffield Teaching Hospitals NHS Foundation Trust 

3) North Bristol NHS Trust 

4) Royal Berkshire Hospital 
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5) Guys and St Thomas’ NHS Foundation Trust. 

 At the end of 12 months, 142 patients were screened, and 93 patients recruited – 86% ahead 

of recruitment milestone for the Month 12 timepoint. The expected and actual recruitment 

curves are displayed in Figure 5-4. A total of 18 patients were recruited into the iROC trial who 

were not eventually undergo RC as part of the trial, resulting in 75 patients being randomised in 

the first year of the trial. Most patients were acceptable to their allocated treatment arm, and 

complied with trial procedures until the completion of the primary endpoint measure. In total, 

only two (2.1%) patients exited the trial after randomisation before surgery. An additional eight 

(8.6%) patients exited the trial early due to having to travel long distances for follow-up. As a 

result of this, the trial protocol was amended to allow for telephonic follow up to facilitate partial 

data collection in patients who wished to exit the trial early.  

 

 

Figure 5-4: Recruitment progress for the iROC trial 
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5.2.4 Discussion 

Recruitment into the iROC trial during the first year was much faster than initially projected. This 

was largely due to the trial opening successfully at the initial two sites, and subsequent opening 

of additional sites earlier than projected when milestones were being discussed with the funder. 

However, there was a high attrition rate after patients were recruited into the trial before 

randomisation was performed (18/93 patients). An internal analysis highlighted that this was 

due to limitations of the clinical pathways in some centres leaving a narrow window for 

recruitment, often before the treatment plan for patients have been finalised. Despite this 

limitation, 75 patients were randomised in the first year which is still 50% higher than the target 

of 50 patients. 

The overall strategy for recruitment in the iROC trial was to open initially at University College 

London Hospital NHS Trust and Sheffield University Hospital NHS Trust, as members of the TMG 

were principle investigators at both sites and feedback could be collected easily to improve the 

standard operating procedures (SOPs) and frequently asked questions (FAQs) documentation to 

enable for easier rollout to future sites. These SOPs and FAQs were then tested when the trial 

was formally opened at Guys & St Thomas Hospitals NHS Trust, and further iterative changes 

were made to reference documents. After the opening of the 5th site (Royal Berkshire Hospital), 

the TMG meeting was opened up to research staff at all hospitals to dial in and troubleshoot 

problems. This was instrumental in preparing the three subsequent substantial amendments to 

make trial assessments easier to deliver in different hospitals with different clinical pathways. 

Surgical and post-operative outcomes were similar to those reported in contemporary 

literature. The national cystectomy audit data showed a length of stay of 8 and 11 days for RARC 

and ORC in high volume centres respectively[31], which is similar to a median of 10 days (IQR 6-

15 days) reported in our interim analysis. Major complication rate in iROC (14.7% CD≥3) was 

higher than the 8.5% rate for high volume centres nationally, but this could be attributed to our 
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small sample size for the interim analysis. The trial statistician submits data regularly to the data 

monitoring committee to ensure that morbidity, mortality or any other aspect of patient safety 

are not compromised in either arm of the trial. This data is not available to members of the trial 

management group. 

While primary outcome data was collected successfully for 100% of patients, secondary 

outcome data collection was mixed. Questionnaires data was well-collected (96-100%), but 

tracker data and CST30 collection was at 79% and 86% respectively. CST30 data was incomplete 

due to patient preference not to perform the test. Tracker data was not available due to initial 

supply issues, and technical issues with the Fitbit app not syncing data across successfully. More 

devices were purchases and a feedback system was set in place to ensure that sites are always 

well-stocked with devices to give patients during enrolment and follow-up appointments. We 

contacted Misfit about an alternative way to collect data from devices that may be more reliable, 

but the suggestion they provided was discontinued shortly after (the Misfit Link app). 

Patient reported quality of life and health scores suggested a similar trajectory for patient 

recovery than objective mobility measurement from wearable devices. By five weeks post-

operatively, PROM scores and mobility were both below baseline levels (WHODAS 2.0 score was 

higher as it is a disability score), but were closer to baseline by three months post-operatively. 

This suggested that an aspect of recovery could be collected passively from wearable devices. 

As uptake of smartphones and wearable devices increases in healthcare, this will allow wearable 

data to be collected continuously instead of seven-day snapshots. Current smartphone paired 

trackers are capable of collecting heart rate and even ECG data as discussed in section 2.2, but 

these are expensive and require regular charging by patients. When these limitations have been 

overcome, wearable devices could serve as a regular stream of data which could inform 

clinicians about patient’s return to baseline function.  
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5.3 Chapter Conclusions 

The interim analysis of the iROC trial shows that completing recruitment in the three-year period 

agreed with the funder is feasible. In the first year, the trial recruited ahead of target and this 

trend is expected to continue as we continue to open more sites if the current sites continue to 

recruit at their initial pace. Peri-operative outcomes reported are similar to those reported in 

the national cystectomy audit data, but it was not possible to compare data by treatment arm 

as all analysis in this chapter and all subsequent chapters was presented single arm. The 

randomisation result will only be available for analysis after the recruitment of all patients into 

the trial. 

Data collected from secondary outcomes provides information about recovery beyond length of 

stay and complications. The health-related quality of life questionnaires will allow for 

measurement of health status at various time points during the peri-operative and post-

operative period, but also provide a comparator for mobility data collected using wearable 

devices. Furthermore, this can be contextualised with re-admission and complication data to 

better understand the trajectory of patients with different paces of recovery. 

In addition to the data reported in this chapter, the results of the interim analysis were used to 

adjust the power calculation for the trial. Our initial recruitment target was set to be 320 

patients, and this was changed to 340 patients following the interim analysis. The details of the 

statistical methods are included in the full trial protocol included in the Error! Reference source 

not found..
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Chapter 6 Mobility and quality of life during the perioperative 

period
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6.1 Chapter summary 

This chapter will describe the trends in mobility and quality of life for patients enrolled into the 

iROC trial. I will first describe the baseline mobility data collected from wearable devices, and 

then explore associations with other baseline variables collected such as age, BMI and 

performance status. These baseline metrics are part of the standard clinical pathway for pre-

operative assessments across all NHS hospitals. Additionally, I will report mobility trends for 

patients during the pre and peri-operative periods up to 90 days following RC. 

In the second part of the chapter, I will build on the pilot work presented in section 3.3 by 

reporting the results of QoL questionnaires. Unlike section 3.3, only the EORTC QLQ-C30 

questionnaire will be used as it offers modularised quality of life domains. The EORTC QLQ-C30 

scores at 5 weeks and 3 months timepoints will be reported. In particular, the patient-reported 

physical functioning scale and global health status will be compared with wearable device-

derived mobility data collected at the same timepoints. 
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6.2 The role of wearable devices in measuring patient mobility at baseline 

and during the peri-operative period following radical cystectomy in the 

iROC trial 

6.2.1 Introduction 

Mobility trends in patients with bladder cancer have not been reported in the literature, as 

evidenced by my systematic review in section 2.2. In this chapter I will provide an overview of 

mobility data collected from patients at baseline, alongside metrics traditionally used to assess 

pre-operative fitness for surgery. Associations between mobility data and ‘clinical’ data collected 

will be explored. Additionally, I will discuss mobility trends in the first three months following 

surgery. Whilst mobility trends were described briefly in Chapter 5 for the first 30 patients, this 

section will present mobility data for a larger cohort of patients. Similar to previous analysis, all 

data is described as single arm and blinded to the arm of the study patients were in (open vs 

robotic). 

The aim of this section is to describe step-count as a variable in terms of its descriptive statistics 

so that the most appropriate statistical tests can be applied to the data collected. Additionally, 

correlations and comparisons with baseline demographic and clinical data are explored to 

understand how these variables affect step-count.   
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6.2.2 Methods 

 Sample 

Patients undergoing radical cystectomy as part of the iROC trial were consented to complete the 

EORTC-QLQ C30 questionnaire and wear a wrist-worn wearable device at timepoints specified 

in Table 4-1. 

 Data collection 

6.2.2.2.1 Patient demographic data 

At time of recruitment, patient sex, age, BMI, urinary diversion type and ECOG performance 

status were collected. 

6.2.2.2.2 Fitness tracking data 

The Misfit Ray wrist-worn wearable device (described in section 0 and pictured in Figure 3-1) 

was provided for patients to wear for seven consecutive days at three timepoints: baseline, 5 

days, 5 weeks and 3 months post-operatively. Patients were provided with the trackers during 

their hospital clinic appointments, and were also issued pre-stamped envelopes to return the 

wearable devices to a central receiving laboratory. Upon receiving the wearable devices, daily 

step-count data was extracted using the iOS Misfit mobile application.  

 Statistical analysis 

Statistical analysis was performed in SPSS version 25.0. 

All analysis described is blinded to the arm of the trial, so data will be presented as single arm. 

Patient characteristics of the cohort are reported using descriptive statistics. Three metrics were 

computed from the step-count data extracted from each wearable device: average step-count 

(ASC), maximum step-count (MSC) and minimum step-count (MiSC). Maximum and minimum 

step-counts were taken as the highest and lowest total steps in a day for the 7-day study 

duration respectively. Relative recovery of mobility was calculated as 3-month average divided 

by baseline average for each patient. 
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Kolmogorov-Smirnova test was used to assess the distribution of variables. Spearman rho was 

used to assess associations between non-parametrically distributed variables. Mann-Whitney U 

test was performed to compare non-parametrically distributed independent variables. 

6.2.3 Results 

197 patients had completed three-month follow-up at the time of data download from the 

electronic case report form (eCRF), and 179 patients provided data at any timepoint. 

Randomisation in the trial was performed accounting for diversion type: 150 and 24 patients 

respectively were randomised in the ileal conduit and neobladder groups respectively. The 

baseline characteristics of included patients are described in Table 6-1. 

Gender 
Male (%) 142 (79.3) 

Female (%) 37 (20.6) 

Age Median (IQR) 70 (63-75) 

ECOG  

0 (%) 140 (78.2) 

1 (%) 30 (16.8) 

2 (%) 6 (3.4) 

3 (%) 3 (1.7) 

Diversion type 

Ileal Conduit n(%) 151 (84.4) 

Neobladder n(%) 25 (14.0) 

No cystectomy performed 3 (1.7) 

Neoadjuvant  

Chemotherapy n (%) 59 (33.0) 

Immunotherapy n (%) 21 (11.7) 

Histology 

UCC (%) 158 (88.3) 

SCC (%) 9 (5.0) 

Adenocarcinoma 4 (2.2) 

Other (%) 8 (4.5) 

BMI Median (IQR) 
26.7 (24.2-

30.1) 

Smoking 

Current smoker (%) 20 (11.2) 

Ex-smoker (%) 103 (57.5) 

Non-smoker (%) 56 (31.3) 

Table 6-1: Baseline characteristics of patients who provided fitness tracking data in the iROC trial 
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In total, 143 (79.9%), 132 (73.7%), 124 (69.2%) and 106 (59.2%) patients provided step-count 

data at baseline, post-operatively at day 5, 1 month and 3 months respectively. Table 6-2 shows 

the results of the Kolmogorov-Smirnova test of normality of daily step-count collected at each 

of the four time points (baseline, day 5, 5 weeks, 12 weeks) and combined across all four time 

periods. The p-value for all five test results was <0.001, strongly suggesting that step-count data 

in this patient group is not normally distributed. The histograms visually representing this data 

are presented in Supplementary Figure 10-1 to Supplementary Figure 10-5. All further analysis 

in using step-count data will use non-parametric tests. 

Figure 6-1 displays the box and whisker plots for the three step-count derived metrics at the 

four different timepoints. Across all three metrics, a similar trend was observed: patients have 

reduced step-count in the immediate post-operative period, and this increases in the first three 

months following RC. Median values for average step-count at baseline, 1 week, 1 month and 3 

months were 5821, 1525, 3819 and 5774 respectively. In total 86 patients provided tracking data 

at baseline and the three-month timepoint and relative recovery of mobility was calculated. In 

this patient group, 26 (30.2%) patients achieved 100% or more of their baseline activity, 46 

(53.5%) patients were between 50-100% of their baseline and 14 (16.3%) patients were below 

50% of their baseline activity.  

Baseline characteristics were then compared with other variables collected at baseline (age, 

BMI, smoking status, gender, chemotherapy, immunotherapy). Correlations for continuous 

variables are presented in Table 6-3. Age was inversely correlated with maximum step (p=0.037, 

coeff=-0.162), but no other significant correlations were identified. To explore the differences 

of these variables in the extreme groups, bounds of the upper (75-100) and lower (0-25) 

quartiles of these variables were used to as cut-off values for further analysis as categorical 

variables. None of the step-count variables were significantly different in patients with higher 
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BMI, but average (p=0.041, z=-2.04) and maximum step-count (p=0.008, z=-2.655) were 

significantly higher in younger patients.  

Furthermore, no significant difference was detected between step-count in patients grouped by 

smoking status, chemotherapy or immunotherapy. Male patients had a significantly higher 

maximum step-count than female step-count, but this was not the case for average or minimum 

steps. These results are summarised in Table 6-4. Difference for extremes in ECOG performance 

status (score 0 vs 3) were not explored due to insufficient patients (n=3 or 1.7%) having an ECOG 

of 3.  

Kolmogorov-Smirnova test 
 

Statistic df Sig. 

Baseline 0.065 1098 <0.001 

Week 1 0.127 961 <0.001 

Week 5 0.104 848 <0.001 

Week 12 0.065 703 <0.001 

Combined 0.100 3610 <0.001 

Table 6-2: Kolmogorov-Smirnov test of normality 
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Average steps Maximum steps Minimum steps 

Age Correlation 
Coefficient 

-0.114 -0.162 -0.029 

Sig. (2-tailed) 0.143 0.037 0.711 

BMI Correlation 
Coefficient 

-0.118 -0.139 -0.073 

Sig. (2-tailed) 0.148 0.087 0.373 

Table 6-3: Spearman's rho correlation for continuous baseline variables 
 

Average steps Maximum steps Minimum steps 

BMI Z -1.651 -1.537 -1.191 

Sig. (2-tailed) 0.099 0.124 0.234 

Age Z -2.04 -2.655 -0.547 

Sig. (2-tailed) 0.041 0.008 0.585 

Ever smoked Z -1.624 -1.418 -2.08 

Sig. (2-tailed) 0.104 0.156 0.038 

Current smoker Z -0.407 -0.283 -1.203 

Sig. (2-tailed) 0.684 0.777 0.229 

Gender Z -1.669 -2.173 -1.355 

Sig. (2-tailed) 0.095 0.03 0.175 

Chemotherapy Z -1.24 -0.903 -1.213 

Sig. (2-tailed) 0.215 0.367 0.225 

Immunotherapy Z -1.607 -1.357 -1.079 

Sig. (2-tailed) 0.108 0.175 0.281 

Table 6-4: Mann-Whitney U test results comparing step-count for different baseline variables 
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Figure 6-1:Box and whisker plots for baseline, post-op (5 days), 1 month and 3 months using the 
three different step-count based metrics derived from wearable devices. (a) average, (b) 
maximum steps, (c) minimum steps 

  



195 
 

6.2.4 Discussion 

The three different metrics of average steps, maximum steps and minimum steps were included 

separately instead of total steps in our analysis. Average steps were used as a direct replacement 

of total steps to include patients who provided less than 7 days of data (to a minimum of 4 days 

of data). Maximum steps represent a patient’s most active day during the study period, and are 

likely to be more reflective of an individual’s exercise capacity than average or total activity. 

Lastly, minimum steps were included as it represents the patient’s lowest possible activity 

required to complete daily tasks. 

No difference in activity levels was identified for patients divided into chemotherapy and 

immunotherapy groups when compared with patients who had no neoadjuvant treatment. As 

patients provided fitness tracking data during their pre-surgery appointment, which could be 

scheduled any time prior to starting neoadjuvant chemotherapy up until after the completion 

of the final cycle of treatment, this could have contributed to the lack of a difference being 

identified. A future study is under development to explore activity levels during chemotherapy, 

particularly since newer wearable devices offer longer data storage, as well as monitoring of 

other metrics such as heart rate, sleep etc. 

Surprisingly, smoking status did not have any effect on activity levels when comparing current 

smokers as well as current or ex-smokers vs non-smokers. A recent publication by Lee et al.[221] 

reported step volume (step-count) in 17,466 women over the age of 45 for seven consecutive 

days and found that patients in the lowest activity quartile were more likely to be smokers when 

compared with the highest activity quartile. While this result contradicts our findings, this could 

be attributed to having a different cohort of patients: any women over the age of 45 vs patients 

undergoing major pelvic surgery for bladder cancer. Additionally, our patient group consists of 

patients who have been deemed fit to undergo major surgery, and there may be a selection bias 
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for patients with a higher physiological reserve. Lastly, this could be attributed to sample size 

and this analysis will be repeated once the iROC trial has been completed. 

As the wearable device sub-study was included in the trial as an exploratory objective, 

compliance with wearable device was not as high as the primary objective data completion 

(100%). Additionally, the higher attrition rate at 3 months can be partially attributed to the delay 

in trackers being returned to the central receiving lab for analysis for patients that recently 

attended their 3-month follow-up appointment. 

Only 30% (26/86) of patients surpassed their baseline mobility at 3 months after RC. When 

patients are counselled prior to RC, a complete recovery time between 6 weeks and 12 weeks is 

quoted[222–224]. Whilst other domains of recovery than mobility exist, this data suggests that 

mobility does not return to baseline within 3 months following surgery. Furthermore, the 

baseline data captured in the trial is when patients have been diagnosed with cancer, and this 

step-count data could be lower than their true disease-free baseline. It would be of interest to 

analyse patient activity levels at the 6 months and 12 months post RC to understand when 

majority of patients return to true baseline activity levels, particularly older patients and those 

who experience major or prolonged complications. Recovery in other domains will be explored 

in section 6.3 using patient reported outcome measures (PROMs). 

While our current study did not explore ECOG as a predictor of performance status, Gresham et 

al.[225] have previously reported correlations between performance status and daily step-

count. However, their cohort of patients consisted mostly of patients with inoperable stage 4 

disease. In contrast, our cohort consists entirely of patients who have lower stage disease and 

have been determined to be fit for surgery. After the completion of the iROC trial, it would be 

useful to analyse step-count in the ECOG performance status groups once sufficient numbers 

have been recruited into each ECOG group. 
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6.2.5 Conclusions 

Wearable devices offer an opportunity to collect objectively measured mobility data in an 

unsupervised environment (such as patient homes). Surprisingly, only age and gender correlated 

with activity levels while smoking status, BMI and neoadjuvant treatment did not. This could be 

due to selection bias, as patients recruited into the study were already deemed fit for surgery 

and are therefore more likely to be more physically active. Data over the three-month peri-

operative period also enables the assessment of patient recovery to baseline mobility. While 

post-operative step-count data is described in this section, the relationship of this data with 

clinical outcomes has not been explored. This work will be presented in chapters 7 and 8, relating 

specifically to peri-operative complications and 1-year outcomes respectively. 
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6.3 Comparing quality of life measured by the EORTC QLQ-C30 

questionnaire and mobility measured by wearable devices during the 

peri-operative period following radical cystectomy 

6.3.1 Introduction 

As discussed in section 3.3, the EORTC QLQ-C30 correlates well with the WHODAS 2.0 in their 

assessment of global health and disability score status. However, the EORTC QLQ-C30 

questionnaire offers modularised functional domains and symptom domains that the WHODAS 

2.0 does not. In this section, data from the EORTC QLQ-C30 will be presented as the five 

functional scales (physical, role, emotional, cognitive and social functioning) at baseline and 

during the first three months of recovery.  

Additionally, mobility data extracted from wearable devices from the same timepoints (baseline, 

5 weeks and 3 months) will be compared with the physical functioning domain of the EORTC 

QLQ-C30 questionnaire. While the questionnaire scoring manual[207] does not provide 

definitions for what constitutes physical functioning, the questions are directed at measuring 

mobility. Questions 1-5 of the questionnaire make up the physical functioning score; the full 

EORTC QLQ-C30 questionnaire is included in Error! Reference source not found.. 

The main aim of this section is to assess if objectively measured recovery of mobility using a 

wrist-worn wearable device correlates well with patient-reported recovery as measured by the 

EORTC QLQ-C30 questionnaire. 
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6.3.2 Methods 

 Sample 

Patients undergoing radical cystectomy as part of the iROC trial were consented to complete the 

EORTC-QLQ C30 questionnaire and wear a wrist-worn wearable device at various timepoints. 

 Data collection 

6.3.2.2.1 Demographic information 

At time of recruitment, patient sex, age, BMI, diversion type and ECOG performance status was 

collected. 

6.3.2.2.2 Quality of Life tool 

The EORTC-QLQ C30 questionnaire[206] was given to patients at baseline, 1 month and 3 

months post-operatively. This has been previously described in section 3.3.2.2.2.2. Patients 

were mailed the questionnaire with the confirmation of their clinic appointment, and asked to 

return the questionnaire in clinic. For patients who did not bring a completed questionnaire to 

their appointment, a new set was provided for the patient to complete before leaving clinic to 

improve compliance. Only patients who returned the completed questionnaire at baseline and 

one other timepoint are included in this analysis. 

6.3.2.2.3 Wearable device 

The Misfit Ray wrist-worn wearable device (described in section 0) was provided to patients to 

wear for seven consecutive days at four timepoints: baseline, 5 days, 5 weeks and 3 months 

post-operatively. Patients were provided with the trackers during their hospital clinic 

appointments and were also issued pre-stamped envelopes to return the wearable devices to a 

central receiving laboratory. Upon receiving the wearable devices, daily step-count data was 

extracted using the iOS Misfit mobile application. 
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 Statistical Analysis 

Patient characteristics of the cohort are reported using descriptive statistics. Completion rates 

for questionnaires at each timepoint are reported in percentages. As the EORTC QLQ-C30 

questionnaire is modularised, scores were tabulated for individual domains of health and the 

global QoL score, and calculated using EORTC’s scoring manual[207]. As the manual does not 

provide guidance on how to interpret scores or changes in score, absolute and relative changes 

in scores are computed.  

As previously described, three metrics were computed from the step-count data extracted from 

each wearable device: average step-count, maximum step-count and minimum step-count. 

Maximum and minimum step-count were the highest and lowest total steps in a day for the 7-

day study duration. Peri-operative complications were excluded from the data downloaded 

from the electronic case report form (eCRF) due to ongoing data monitoring for more recently 

recruited patients.  

Mann-Whitney U test was performed to compare non-parametrically distributed independent 

variables, and Wilcoxon Signed Ranks test was performed to compare non-parametrically 

distributed dependent variables. Spearman correlation was performed to compare non-

parametrically distributed variables. 

All statistical analyses were carried out using SPSS for Windows version 25.0.  
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6.3.3 Results 

At the time of the data download from the electronic Case Report Form (eCRF), 197 patients had 

completed three-month follow-up. 174 (88.3%) patients provided baseline data, and 134 

(77.0%) and 113 (64.9%) of these patients returned their questionnaires at 5 weeks and 3 

months respectively. Baseline characteristics of this patient group are summarised in Table 6-5. 

As reported in section 6.2.3, tracker return rates at these time points were 143 (79.9%) 124 

(69.2%) and 106 (59.2%) respectively.  

Gender 
Male (%) 137 (78.7) 

Female (%) 37 (21.3) 

Age Median (IQR) 70 (63-75) 

ECOG  

0 (%) 135 (77.6) 

1 (%) 29 (16.7) 

2 (%) 7 (4.0) 

3 (%) 3 (1.7) 

Diversion type 

Ileal Conduit n(%) 152 (87.4) 

Neobladder n(%) 22 (12.6) 

Neoadjuvant  

Chemotherapy n (%) 60 (34.5) 

Immunotherapy n (%) 18 (10.3) 

Histology 

UCC (%) 157 (90.2) 

SCC (%) 10 (5.7) 

Adenocarcinoma 2 (1.1) 

Other (%) 5 (2.9) 

BMI Median (IQR) 
26.7 (24.0-

30.2) 

Smoking 

Current smoker (%) 17 (9.8) 

Ex-smoker (%) 99 (56.9) 

Non-smoker (%) 58 (33.3) 

Table 6-5: Baseline characteristics of patients in the iROC trial who completed the EORTC QLQ-
C30 questionnaires during the first 3 months post-RC 
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The five health domains and the global health score of the EORTC QLQ-C30 questionnaire during 

the peri-operative period following RC are represented as box and whisker plots in Figure 6-2. 

Additionally, a Wilcoxon signed-rank test was performed comparing the six health scores at 5 

weeks and 3 months post-RC to baseline scores. These results are summarised in Table 6-6. At 

the 5 weeks post-RC timepoint, there was a significant decrease (significant correlation with 

negative coefficient) in scores for global health (p<0.001), physical function (p<0.001), role 

function (p<0.001), cognitive function (p=0.025) and social function (p<0.001), but no significant 

change in emotional function (p=-0.055) score when compared with the baseline scores. At the 

3 months post-RC timepoint to baseline scores, there was no longer significant difference global 

health, cognitive function and social function scores. Difference in emotional function was still 

not significant. There is, however, still a significant difference in physical function (p<0.001) and 

role function (p=0.030) scores. 
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Figure 6-2: Box and whisker plots representing the six quality of life domains as measured by the 
EORTC QLQ-C30 questionnaire 

 

As discussed in section 6.2.3, activity data patients have reduced step-count at 5 days post-

operatively, with activity for the cohort increasing in the first three months following RC. Box 

and whisker plots representing this data are shown in Figure 6-1 in section 6.2.3. A Wilcoxon-

signed rank test (Table 6-7) showed that there was a statistically significant change in mobility 

at all three post-operative timepoints when compared with mobility at baseline. The z-score 

(coefficient) at each timepoint becomes less negative, implying that the size of the difference in 

mobility is decreasing and returning to baseline levels with time. Of note, this result is in 

consistent with the change in physical function as measured by the physical function domain of 

the EORTC QLQ-C30. This implies that both wearable device measured mobility and the physical 

functioning domain of the EORTC QLQ-C30 questionnaire show similar trends in recovery of 

function. 

Next, correlations between the change in physical function as measured by the EORTC QLQ-C30 

and the mobility metrics as measured by the wearable devices before (baseline) and after 

cystectomy at the two different timepoints (5 weeks and 3 months) were assessed. Both physical 

function score and average steps at 1 month and 3 months were represented as fractions of 

each patient’s baseline score. These results are represented as scatter plots in Figure 6-3 (1 

month) and Figure 6-4 (3 months). Spearman correlation was performed on this dataset, and no 

correlation was observed between patient reported and objectively measured mobility at both 
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1 month (p=0.075) and 3 months (p=0.317). This finding suggests that the measurement of 

recovery to baseline according to the physical functioning domain of the EORTC QLQ-C30 

questionnaire is different to the measurement of recovery to baseline according to step-count 

measured by the Misfit Ray wearable device.  
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Baseline 
Median 

(IQR) 

5 weeks 
Median 

(IQR) 

3 months 
Median 

(IQR) 

Test statistics 

 5 weeks 3 months 

Global 
Health 

83.3 (66.7-
83.3) 

66.7 (50.0-
83.3) 

83.3 (66.7-
83.3) 

p-value <0.001 0.13 

Coefficient -6.174 -1.513 

Physical 
Function 

93.3 (80.0-
100) 

73.3 (60.0-
86.7) 

86.7 (73.3-
93.3) 

p-value <0.001 <0.001 

Coefficient -7.865 -3.947 

Role 
Function 

100 (66.7-
100) 

66.7 (33.3-
83.3) 

100 (66.7-
100) 

p-value <0.001 0.030 

Coefficient -6.746 -2.164 

Cognitive 
Function 

100 (83.3-
100) 

83.3 (66.7-
100) 

100 (83.3-
100) 

p-value 0.025 0.464 

Coefficient -2.239 -0.732 

Emotional 
Function 

83.3 (66.7-
100) 

83.3 (66.7-
100) 

83.3 (75.0-
100) 

p-value 0.055 0.212 

Coefficient -1.920 -1.249 

Social 
Function 

100 (66.7-
100) 

66.7 (50.0-
83.3) 

83.3 (66.7-
100) 

p-value <0.001 0.070 

Coefficient -5.986 -1.812 

Table 6-6: Wilcoxon signed-rank test results for the 6 functional domains of the EORTC QLQ-C30 
questionnaire at 5 weeks and 3 months post-operatively compared with baseline 

 

 
Baseline 
Median 

(IQR) 

1 week 
Median 

(IQR) 

5 weeks 
Median 

(IQR) 

3 
months 
Median 

(IQR) 

Test statistics 

 
1 week 

5 
weeks 

3 
month

s 

Average 
steps 

5921 
(3966-
8203) 

1525 
(847-
2409) 

3529 
(2152-
5600) 

5796 
(3740-
7219) 

p-value <0.001 <0.001 0.006 

Coefficient -8.485 -6.207 -2.753 

Maximum 
steps 

8554 
(6348-
12436) 

2401 
(1405-
4009) 

5498 
(3234-
8571) 

8422 
(5452-
11212) 

p-value <0.001 <0.001 <0.021 

Coefficient -8.447 -6.164 -2.314 

Minimum 
steps 

3442 
(2136-
5046) 

742 
(394-
1257) 

2032 
(1072-
3162) 

2688 
(1272-
3870) 

p-value <0.001 <0.001 0.030 

Coefficient -8.323 -4.830 -2.591 

Table 6-7: Wilcoxon signed-rank test results for the 3 step-count variables extracted from wearable 
devices worn at 1 week, 5 weeks and 3 months post operatively compared with baseline 

  



206 
 

 
Figure 6-3: Scatter plot illustrating change (1 month/baseline) in mobility as measured by 
wearable device vs physical function score as measured by the EORTC QLQL-C30. 

 
 
Figure 6-4: Scatter plot illustrating change (3 month/baseline) in mobility as measured by 
wearable device vs physical function score as measured by the EORTC QLQL-C30. 
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6.3.4 Discussion 

Four (physical, role, cognitive and social functioning) of the five functioning domains and global 

health were significantly reduced at 5 weeks post-operatively. By three months post-

operatively, only two domains (physical and role functioning) were still significantly reduced 

compared to baseline while global health, cognitive health and social function had recovered. 

These findings are consistent with prior reports that RC is a morbid procedure with a lengthy 

recovery[226], regardless of the diversion type performed. These results are different to those 

presented in section 3.3, in which I presented data from the same questionnaire at the 3 months 

and 6 months timepoints. In that patient cohort, only physical function was different at 3 months 

post-operatively, whereas global health and role function were not significantly different. This 

could partly be attributed to the small sample size in the previous study, which comprised of 

only 26 patients. Furthermore, this could also be due to the fact that the iROC cohort includes 

both iRARC and ORC patients, whereas the data in section 3.3 included only patients undergoing 

iRARC. 

Objectively measured step-count showed a similar trend in terms of physical functioning. All 

three metrics derived from raw step-count data (average steps, maximum steps and minimum 

steps) were significantly reduced post-operatively when compared to baseline. However, the 

coefficients became numerically smaller with time, suggesting that there was an improvement 

in mobility with time. Despite the similar trends in data change at 1 and 3 months compared 

with baseline that was noted in both EORTC QLQ-C30 and step-count data, no correlation was 

identified between the two instruments. This suggests that objectively measured step-count 

from wearable devices are providing different and potentially new information about recovery 

that is not captured by the EORTC QLQ-C30 questionnaire. 

Wearable devices are quickly evolving from simple pedometers to being able to offer new health 

features such as fall detection, ECG tracking and temperature measurement. With smartphone 
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pairing, these devices offer the ability to collect data passively from patients, and with modern 

trackers could also offer the ability to collect data continuously as opposed to 7-day periods like 

the iROC study design. A future study could use these more advanced devices to measure patient 

activity trends in greater detail, as well as measure clinical parameters that could predict clinical 

decline. 

While this section highlights the potential advantage of adding wearable devices to measure 

recovery in addition to PROMs, it does not interrogate the relationship of these scores with 

outcome data such as length of stay, complications or even oncological recurrence. At the time 

of analysis, post-operative data is not available for analysis for this cohort. However, 

complications and outcomes data are available for a smaller cohort of patients recruited in the 

first year, and will be discussed in 7.3 and Chapter 8. 

6.3.5 Conclusions 

Objectively measured mobility data from wearable devices offers an opportunity to collect 

recovery of physical function passively after RC. While PROM tools such as the EORTC QLQ-C30 

questionnaire seem to show similar trends in the data, the recovery of post-operative scores do 

not correlate statistically. This suggests that wearable device data could offer a new dimension 

of information regarding post-operative recovery. In the next chapters, I will build on this work 

by comparing the value of fitness tracking data in predicting outcomes following RC, both using 

pre-operative data and post-operative recovery data. 
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6.4 Chapter conclusions 

This chapter provides an overview of the trends in mobility and their associations with baseline 

data, as well as PROMs during the peri-operative period. In the first part of the chapter, I 

provided descriptive data about step-count data as a metric and showed that it is not normally 

distributed. Additionally, I compared tracking data at baseline with demographic data collected 

at baseline to assess for any difference in activity that could be associated with patient factors. 

Only age and gender have a statistically significant relationship with step-count data, while BMI, 

neoadjuvant chemotherapy and smoking status did not. Tracking data trends over the three-

month peri-operative period are also described, and their association with clinical outcomes will 

be explored in the next two chapters. 

In the second part of the chapter I compared baseline data gathered from the patient-filled 

EORTC QLQ-C30 questionnaire and wearable devices with post-operative data at one and three 

months from the same patient population. While both the questionnaire and wearable devices 

showed similar trends in recovery – which is that patients have reduced mobility or physical 

functioning at one month but this improves by three months, although still significantly reduced 

compared to baseline – no correlation was identified in the percentage difference of both 

measures when compared to baseline. 
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Chapter 7 Comparing step-count from wearable devices with 

other metrics in predicting risk of complications following radical 

cystectomy. 
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7.1 Chapter summary 

The main aim of this chapter is to compare step-count data from wearable devices to data 

obtained from cardiopulmonary exercise testing (CPET). The chapter is divided into two parts, 

associations of step-count data from wearable devices CPET data, and using different baseline 

data including step-count and CPET risk stratification to predict outcomes after RC. As CPET is 

part of the standard-of-care investigations in many major surgical centres, the significance of 

this chapter is to consider utility of the relatively expensive CPET test by investigating its 

comparability to step-count collected from cheaper wearable devices. 

In the first part, physiological variables from CPET will be compared with baseline wearable 

device-derived step-count. As CPET is used for risk-stratification of patients based on their 

physiological reserve, this section of the chapter compares key physiological measures from 

CPET results with step-count data collected pre-RC. In the second part of the chapter, step-count 

at baseline will be compared with other metrics such as CPET collected at baseline as predictors 

for complications in the peri-operative period following RC. 
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7.2 Correlations between tracker-derived activity data to cardiopulmonary 

exercise testing  

7.2.1 Introduction 

Cardiopulmonary exercise testing (CPET) is a non-invasive method used to assess the 

performance of the heart and lungs at rest and during exercise. It has become standard of 

care[85] in many pre-operative pathways to measure the physiological reserve of patients prior 

to major surgery, and to risk stratify them for post-operative complications (and pre-emptive 

high dependency unit or intensive care unit admission). For cystectomy, Tolchard et al[86]. 

reported that low Anaerobic Threshold (<11 mL/kg/min) and high VE/VC02 (≥33) were predictive 

of significant complications in patients undergoing RC. These thresholds are applied to risk 

stratify patients undergoing CPET as part of the pre-operative pathway prior to RC in our centre. 

In this section, data derived from wearable devices will be compared with CPET variables to 

explore correlations between them. During CPET, patients are pushed to their physiological 

limits in a controlled environment. Conversely, wearable devices measure patient activity in the 

patient passively and non-invasively in the home environment. Step-count data from wearable 

devices therefore may be reflective of a patient’s performance status. The value of step-count 

in measuring performance status has been reported in cancer patients by Gresham et al.[227] 

in a cohort of cancer patients with ECOG as the reference standard.  

The analysis in this section will focus on CPET as the reference standard, and report on 

associations between step-count and key CPET variables used for risk stratification, as well as 

any significant difference in step-count for patients who are considered high risk by previously 

reported standards[86]. 
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7.2.2 Methods 

 Sample 

Patients undergoing radical cystectomy as part of the iROC trial were consented to complete 

wear a wrist-worn wearable device at pre-determined timepoints. Cardiopulmonary exercise 

testing (CPET) data was collected from hospital sites that used the test as part of their standard 

pre-operative investigations.  

 Data collection 

7.2.2.2.1 Demographic data 

At time of recruitment, patient sex, age, BMI, diversion type and ECOG performance status was 

collected. 

7.2.2.2.2 Wearable device 

The Misfit Ray wrist-worn wearable device (described in section 0) was provided for patients to 

wear for seven consecutive days at three timepoints: baseline and 3 months post-operatively. 

Patients were provided with the trackers during their hospital clinic appointments, and were 

also issued pre-stamped envelopes to return the wearable devices to a central receiving lab. 

Upon receiving the wearable devices, daily step-count data was extracted using the iOS Misfit 

mobile application. 

7.2.2.2.3 Cardiopulmonary exercise testing (CPET) 

CPET was conducted on a cycle ergometer (Lode Corival) with continuous side stream gas 

exchange analysis (Cortex Metalyzer 3B). Three minutes of rest preceded testing, during which 

oxygen and carbon dioxide concentration and gas flow were measured. Three minutes of 

unloaded cycling at 60-65 revolutions/minute was then undertaken. Work rate was increased 

continuously thereafter until the test was terminated due to symptoms, volitional fatigue, or 

ECG changes. All CPET variables were determined (as previously described[47]) on the day of 

the test and then independently verified by a Consultant Anaesthetist with CPET expertise. 
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Previously published thresholds[86] for key variables of CPET (AT <11 and VE/VCO2 ≥33) were 

applied as predictors of major complications. 

 Statistical analysis 

All statistical analyses were carried out using SPSS for Windows version 25.0. 

Non-parametric tests were used to analyse step-count as explained in section 6.2.3. Three 

metrics were derived from the step-count data extracted from each wearable device: average 

step-count (ASC), maximum step-count (MSC) and minimum step-count (MiSC). MSC and MiSC 

were defined as the highest and lowest total steps respectively in any one day during the 7-day 

study period respectively. Mann-Whitney U test was performed to compare non-parametrically 

distributed independent variables. 

Peri-operative complications were excluded from the data downloaded from the eCRF due to 

ongoing data monitoring for more recently recruited patients. Complications and outcomes data 

are available for a smaller cohort of patients recruited in the first year. Analysis of this cohort 

will be discussed in detail in section 7.3 and Chapter 8. 

7.2.3 Results 

A total of 71 patients provided CPET data as well as fitness tracking data at baseline. Their 

baseline characteristics are summarised in Table 7-1. 

Gender 
  

Male (%) 58 (81.7) 

Female (%) 13 (18.3) 

Age Median (IQR) 71 (63.5-75.5) 

ECOG 0 (%) 54 (76.1) 

1 (%) 14 (19.7) 

2 (%) 2 (2.8) 

3 (%) 1 (1.4) 

Neoadjuvant  Chemotherapy n (%) 34 (47.9) 

Immunotherapy n (%) 13 (18.3) 

Histology 
  
  
  

UCC (%) 63 (88.7) 

SCC (%) 4 (5.6) 

Adenocarcinoma 1 (1.4) 

Other (%) 3 (4.2) 
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BMI Median (IQR) 26.6 (25.1-29.0) 

Smoking Current smoker (%) 6 (8.5) 

Ex-smoker (%) 52 (73.2) 

Non-smoker (%) 13 1(8.3) 

Table 7-1: Baseline characteristics of patients who provided fitness tracking data at baseline and 
had a cardiopulmonary exercise test (CPET) prior to radical cystectomy in the iROC trial 

 

From the activity tracking data, average step-count (ASC), maximum step-count (MSC) and 

minimum step-count (MiSC) were derived. A Spearman Rank correlation was performed with 

the two CPET variables (AT and VE/VCO2) used to risk-stratify patients for having a high risk for 

complications. Significant correlations were identified for MSC with AT (p= 0.005, coeff= 0.339) 

and VE/VCO2 (p=0.002, -0.357). ASC also correlated significantly with AT (p= 0.014, coeff= 0.299) 

and VE/VCO2 (p= 0.006, coeff= -0.326) but with lower correlation coefficients, and MiSC 

correlated only with AT (p= 0.050, coeff= 0.241). These results are displayed in Table 7-2. 

Thresholds of AT<11 and VE/VCO2≥33 were then applied as high risk for post-operative 

complications. Since MSC correlated more significantly with AT and VE/VCO2 than ASC or MiSC, 

patient were divided into high and low risk groups by CPET variable thresholds and their MSC at 

baseline compared. Figure 7-1 and Figure 7-2 show the box and whisker plots for AT risk (<11 

mL/kg/min) and VE/VCO2 (≥33). Patients considered high risk by either threshold had reduced 

MSC, and both were statistically significant (p=0.002 and p=0.0005 for AT and VE/VCO2 

respectively). Lastly, Figure 7-3 shows the box and whisker plot for combined CPET risk (high 

CPET risk defined as AT risk <11 mL/kg/min or VE/VCO2 ≥33), and this was also statistically 

significant (p<0.001). 

 
AT VE/VCO2 

Maximum 
Steps (MSC) 

Coefficient 0.339 -0.357 

Sig. (2-tailed) 0.005 0.002 

Average steps 
(ASC) 

Coefficient 0.299 -0.326 

Sig. (2-tailed) 0.014 0.006 

Minimum 
steps (MiSC) 

Coefficient 0.241 -0.139 

Sig. (2-tailed) 0.050 0.252 

Table 7-2: Spearman correlations for CPET variables and step-count 
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Figure 7-1: Box and whisker plots of maximum step-count (MSC) for patients risk-stratified by 
anaerobic threshold (AT) over <11 as high risk 

 

 
Figure 7-2: Box and whisker plots of maximum step-count (MSC) for patients risk-stratified by 
VE/VCO2≥33 as high risk 
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Figure 7-3: Box and whisker plots of maximum step-count (MSC) for patients with a combined 
high CPET risk (VE/VCO2≥33 or AT<11) 

 

  
AT risk VE/VCO2 

risk 
CPET 
combined risk 

Mann-Whitney U 300 245.5 108.5 

Wilcoxon W 966 1373.5 1486.5 

Z -3.09077 -3.49593 -4.007670756 

Asymp. Sig. (2-tailed) 0.001996 0.000472 0.000061 

Table 7-3: Mann-Whitney U test for maximum steps in patients considered high risk of 
complications by AT(<11), VE/VCO2(≥33) and CPET combined (AT<11 or VE/VCO2≥33). 

 

  



218 
 

7.2.4 Discussion 

CPET estimates physiological reserve by getting participants to reach peak exercise levels on a 

bike or treadmill[88]. There are two theories on why this measurement of physiological reserve 

can predict post-operative outcome: 1) patients with higher fitness levels cope better with 

surgery without outpacing their anaerobic threshold. 2) Regular exercise creates a similar effect 

to ischaemic preconditioning, lessening the impact of deficit in oxygen demand[228]. Wearable 

devices offer an opportunity to collect a surrogate measures of exercise capacity while tracking 

patients in their activities of daily living, offering an alternative method of measuring patients’ 

physiological reserves. Some wearable devices are able to estimate certain CPET variables such 

as maximal oxygen uptake (VO2max) and anaerobic threshold (AT) [229,230], but as yet none 

have been validated for clinical use. 

Maximum step-count correlated more significantly than average step-count with both anaerobic 

threshold and VE/VCO2, the two variables predominantly used clinically to risk-stratify patients 

for complications following RC and other surgery[85]. We hypothesise that this could be because 

maximum step-count captures a patient’s most active day, which is more likely to be reflective 

of their exercise capacity than average step-count, in the same way that CPET captures 

physiological parameters at peak exercise levels. The average step-count includes patients’ 

inactive days, which can have a disproportionate effect on the average given the relatively short 

number of total days monitored in this study. 

Maximum step-count data is significantly different when stratifying patients by risk according to 

AT (p=0.002) and VE/VCO2 (p=0.000472) individually. This relationship was even stronger when 

the two variables were combined for risk stratification (p=0.000061). Passive step-counting 

could therefore offer a cheaper alternative to CPET in risk-stratifying patients prior to RC and 

other major surgeries. The Misfit Ray tracker retails for a price of £79 and can be reused (Table 

3-1), whereas a CPET costs over £200 for a single assessment[47]. 
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7.2.5 Conclusions 

This study highlights that data obtained from a relatively inexpensive wearable device correlates 

well with physiological variables computed using CPET. As CPET is used as a standard pre-

operative assessment tool in many centres, it is reasonable to hypothesise that step-count data 

from wearable devices at baseline may offer similar utility in predicting post-operative 

complications following RC. This hypothesis will be tested in section 7.3. 
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7.3 Evaluation of baseline step-count as measured by wrist-worn wearable 

devices to predict major complications following radical cystectomy 

7.3.1 Introduction 

Based on the data presented in 0 and section 7.2, step-count from wearable devices offer 

objective measurement of health status during the peri-operative period that offer an additional 

dimension compared to PROM questionnaires, and correlate well with CPET data. However, 

post-operative outcomes have not been reported in the analysis so far. In this section, 3-month 

complications will be an endpoint measure to explore the value of pre-operative parameters 

such as fitness tracking data and CPET in predicting major complications. Various studies have 

reported the value of CPET in predicting complications and other post-operative outcomes for 

RC and other major surgery[86,89,231]. A systematic review by Moran et al.[88] concluded that 

CPET is a useful pre-operative risk stratification tool in various surgery types, but a separate 

systematic review by Lam et al.[89] concluded that the use of CPET prior to major cancer surgery 

did not yield sufficient accuracy to predict post-operative morbidity except in lung cancer 

patients. Despite such contrasting evidence, the number of CPETs performed in the UK have 

more than doubled since 2011, with more than 30,000 patients undergoing CPET annually[85]. 

Wearable devices offer a less invasive and cheaper method to measure performance status 

compared to CPET. As mentioned in section 7.2.1, Gresham et al. reported that step-count 

correlate well with ECOG status as an indicator of performance status for patients with cancer. 

However, the relationship between either step-count or ECOG and any outcome measure in 

their study was not assessed. Furthermore, their cohort consisted largely of patients with late 

stage cancer who are comparatively less fit than our current cohort. 

The main aim of this section is to explore associations and the predictive value of baseline step-

count and other baseline metrics in predicting major complications (Clavien-Dindo classification 

of surgical complications ≥3) following RC.  
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7.3.2 Methods 

 Sample 

During a 12-month period, patients undergoing radical cystectomy (RC) for bladder cancer were 

recruited as part of the iROC trial (NCT03049410) [232] across five high-volume centres across 

the UK. Patients were consented to complete wear a wrist-worn wearable device at pre-

determined timepoints. Cardiopulmonary exercise testing (CPET) data was collected from 

hospital sites that used the test as part of their standard pre-operative investigations.  

 Data collection 

7.3.2.2.1 Demographic data 

At time of recruitment, patient sex, age, BMI, diversion type and ECOG performance status was 

collected. 

7.3.2.2.2 Wearable device 

The Misfit Ray wrist-worn wearable device (described in section 0) was provided for patients to 

wear for seven consecutive days at three timepoints: baseline and 3 months post-operatively. 

Patients were provided with the trackers during their hospital clinic appointments, and were 

also issued pre-stamped envelopes to return the wearable devices to a central receiving lab. 

Upon receiving the wearable devices, daily step-count data was extracted using the iOS Misfit 

mobile application. 

7.3.2.2.3 Cardiopulmonary exercise testing (CPET) 

CPET was conducted on a cycle ergometer (Lode Corival) with continuous side stream gas 

exchange analysis (Cortex Metalyzer 3B). Three minutes of rest preceded testing, during which 

oxygen and carbon dioxide concentration and gas flow were measured. Three minutes of 

unloaded cycling at 60-65 revolutions/minute was then undertaken. Work rate was increased 

continuously thereafter until the test was terminated due to symptoms, volitional fatigue, or 

ECG changes. All CPET variables were determined (as previously described[47]) on the day of 
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the test and then independently verified by a Consultant Anaesthetist with CPET expertise. 

Previously published thresholds[86] for key variables of CPET (AT <11 and VE/VCO2 ≥33) were 

applied as predictors of major complications. 

7.3.2.2.4 Study outcomes measured 

All 30-day and 90-day complications were classified according to the modified Memorial Sloan-

Kettering Cancer Center (MSKCC) Clavien–Dindo (CD) system[233]. Based on peri-operative 

outcomes, patients were divided into two groups:  

1) patients who had major complications following RC (CD≥3) 

2) patients who had no complications or minor complications (CD≤2)  

 Statistical methods 

All statistical analysis was performed using the SPSS software version 25.0. All continuous data 

such as mean, median, interquartile range (IQR) and 95% confidence interval (CI) were reported 

using descriptive statistics. The Mann-Whitney U test was performed to explore associations 

between non-parametrically distributed variables. For variables with skewed distributions, a log-

transformation was performed. 
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7.3.3 Results 

Of the 79 patients with CPET data who underwent RC as part of the iROC trial, 57 (72.2%) 

participated in the wearable device sub-study. Patient baseline characteristics, diversion type, 

and histopathological outcomes are shown in Table 7-4. Overall, 10 patients (17.5%) had major 

complications (CD≥3) following RC. 

 
All 
patients 

No or minor 
complications 
(CD≤2) 

Major 
complications 
(CD≥3) 

n (%) 57 (-) 47 (82.5) 10 (17.5) 

Sex (%) 
   

Male 42 35 (74) 7 (70) 
Female 15 12 (26) 3 (30) 

Age    

BMI (%) 
   

<25 14 12 (26) 2 (20) 
25.1-30.0 30 25 (53) 5 (50) 

>30 13 10 (21) 3(30) 

ECOG Performance status (%) 
   

0 19 18 (38) 1(10) 
1 22 18 (38) 4 (40) 
2 10 6 (13) 4 (40) 
3 6 5(11) 1 (10) 

Neoadjuvant chemotherapy (%) 
   

Yes 33 28(60) 5(50) 
No 24 19(40) 5 

Diversion type (%) 
   

Ileal Conduit 48 40(85) 8 (80) 
Neobladder 9 7 (15) 2 (20) 

Histology (%) 
   

UCC 49 40(85) 9 (90) 
SCC 4 3(6) 1 (10) 

Adenocarcinoma 1 1(2) 0 (0) 
Other 3 3(6) 0 (0) 

    

Table 7-4: Baseline characteristics for the 57 patients that provided fitness tracking data at 
baseline during the first year of follow-up 
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The median ASC and MSC for the cohort (n=57) were 5493 (IQR: 4007-7612) and 8626 (IQR: 

6561-12358) steps respectively. The distribution of step-count is represented in Figure 7-4. 

There is a big difference of 3133 steps (57%) between the median and average steps, and this is 

reflective of the variations in daily activity of patients and the need to measure activity for a 

longer time period. At the pre-operative timepoint, this difference is likely to be more reflective 

of a difference in daily routine rather than an acute decline in health status.  

 Associations between step-count and major complications 

Figure 7-4 shows a box and whisker plot of ASC and MSC distribution in the two groups: 1) none 

or minor complications (CD≤2), 2) major complications (CD≥3). For both ASC and MSC, patients 

who went on to have none or minor complications group (n=47) had higher counts at baseline 

compared to the patients who had major complications (n=10). 

 
Figure 7-4: Baseline average step-count and maximum step-count for patients who went on to 
have none or minor complications (CD≤2) or major complications (CD≥3). 

 

A Mann–Whitney U test was performed comparing the baseline activity metrics for both groups, 

with results shown in Table 7-5. Median MSC in the CD≤2 and CD≥3 were 8980 and 6311 

respectively, and the distribution of MSC differ significantly in the two groups (p=0.031, z=-

2.161). Median ASC in the CD≤2 and CD≥3 were 5692 and 4592 respectively. However, the 
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distribution of ASC did not differ significantly (p=0.085, z=-1.72) between the two groups. This 

result suggests that major complications group had significantly lower maximum steps prior to 

surgery when compared with patients who had no or minor complications. The Mann-Whitney 

U test was then performed in other baseline characteristics including risk determined by CPET, 

neoadjuvant chemotherapy (NAC), age, body mass index (BMI) and the Eastern Cooperative 

Oncology Group (ECOG) performance status were also compared across the major and none or 

minor complications patient groups. No statistically significant difference was found between 

these baseline characteristics. And complications These results are presented in Table 7-6. 

Pre-operative step-count 

  Average 
steps 

Maximum 
steps 

Mann-Whitney U 153 132 

Wilcoxon W 208 187 

Z -1.720 -2.161 

Asymp. Sig. (2-tailed) 0.085 0.031 

Grouping Variable: CD≥3 

Table 7-5: Mann-Whitney-U test for baseline step-count across two patient groups: 1) patients 
who had major complications (CD≥3) 90 days post RC, 2) patients who had none or minor 
complications (CD<3) 90 days post RC 

 

Test Statistics 

 CPET risk NAC Age BMI ECOG 

Mann-Whitney U 225.5 212.5 168.0 177.000 152.500 

Wilcoxon W 291.5 1340.5 1296.0 1212.000 1280.500 

Z -0.409 -0.552 -1.407 -0.592 -1.825 

Asymp. Sig. (2-tailed) 0.682 0.581 0.159 0.554 0.068 

Grouping Variable: CD≥3 
NAC = Neoadjuvant chemotherapy, BMI = Body Mass Index, ECOG = Eastern Cooperative 
Oncology Group performance status 

Table 7-6: Mann-Whitney-U test for baseline variables across two patient groups: 1) patients 
who had major complications (CD≥3) 90 days post RC, 2) patients who had none or minor 
complications (CD<3) 90 days post RC 
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 Regression statistics 

Since ASC was not significantly different in patients who had major complications vs patients 

who did not, MSC was used as a covariate for regression statistics. Binary logistic regression was 

performed using MSC, CPET risk, NAC, age, BMI and ECOG. Since there were only ten total events 

(patients who had major complications post-cystectomy), univariate analysis was undertaken 

with each covariate. The results of the logistic regression are presented in Table 7-7. MSC is the 

only significant baseline predictor of major complications in the first 90 days following RC in this 

patient cohort, with an odds ratio of 0.025. This finding means that patients with lower MSC at 

baseline are more likely to have major complications in the first 90 days following RC. Of note, 

risk stratification based on CPET results (AT <11mL/kg/min or VE/VC02) of ≥33 being high risk) 

was not a predictor of major complications.  

 

Variable B S.E p O.R. 

MSC -3.7 1.819 0.042 0.025 (0.001-0.874) 

CPET risk 0.087 0.793 0.913 1.091 (0.231-5.161) 

NAC 0.388 0.699 0.579 1.474 (0.375-5.797) 

Age 0.060 0.047 0.201 1.062 (0.968-1.165) 

BMI 0.026 0.019 0.166 1.026 (0.989-1.065) 

ECOG 0.557 0.354 0.116 1.746 (0.872-3.495) 

MSC = Maximum step-count, CPET = Cardiopulmonary Exercise Testing, NAC = Neoadjuvant 
chemotherapy, BMI = Body Mass Index, ECOG = Eastern Cooperative Oncology Group 
performance status 

Table 7-7: Binary logistic regression for baseline variables in predicting 90-day major 
complications (CD≥3) 
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7.3.4 Discussion 

Patients who experienced major complications (n=10) following RC had significantly lower 

maximum-step-count (MSC) than their counterparts who did not have major complications 

(n=47). However, no significant difference was identified in ASC. As discussed in section 0, MSC 

is likely to be a better predictor of physiological reserve in a similar way to CPET than ASC as it 

reports maximal capacity for activity as opposed to an aggregate of the patient’s routine. 

Additionally, the close correlations between CPET and MSC reported in 7.2.3 suggested that MSC 

could be associated with major complications in a similar way to CPET[86,87]. Unlike prior 

contemporary publications, no significant difference was identified in CPET risk stratification for 

patients who had major complications and those who did not. Although the role of CPET in risk-

stratification is relatively well-established, there is some ongoing debate regarding its true 

utility[234]. An earlier publication by our centre [47] reported that poor cardiopulmonary fitness 

as measured by CPET did not predict major complications for patients undergoing iRARC, which 

supports my findings that CPET risk stratification is not predictive of major complications in 

patients undergoing cystectomy in this mixed iRARC and ORC cohort. 

Due to the limited sample size and low event rate of major complications (n=10), I was restricted 

to running a univariate logistic regression model to avoid overfitting. ASC was not included as a 

variable in the regression model as MSC was significantly associated with major complications 

(p=0.031) while ASC was not (p=0.085), and both variables draw from the same raw data. Of the 

six variables in the logistic regression (MSC, CPET risk, NAC, age, BMI, ECOG), only MSC was a 

significant predictor of major complications (p=0.042, O.R. = 0.025). These results are consistent 

with the results of the Mann-Whitney U test reported in Table 7-5 and Table 7-6.  
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7.3.5 Conclusions 

The findings in this small cohort suggest that MSC is a predictor of major complications, unlike 

CPET and other baseline variables reported. CPET testing is much more expensive than the cheap 

wearable devices described, and if this work can be replicated in a larger cohort this would 

provide a cheaper avenue to measure physiological reserve prior to radical cystectomy and 

other major surgery. In the current study, these findings could be attributed to a small sample 

size and a low event rate. Once the iROC trial is completed, this analysis will be repeated with 

the entire cohort of 340 patients to assess if these findings can be replicated in a larger sample 

size. 

This current study reports the value of step-counts in predicting major complications. However, 

wearable devices and fitness trackers are becoming more advanced with new features such as 

heart rate measurement, pulse oximetry and ECG monitoring. These new metrics can be 

combined with step-counts to estimate physiological parameters such as VO2Max, heart rate 

variability and moderate to vigorous physical activity (MVPA). Composite metrics that capture 

multiple physiological signals have the potential to outperform CPET and step-counts. However, 

these devices currently have short battery lives and require a companion smartphone device. 

As wearable devices become more accepted and the technology improves, newer studies must 

utilise more advanced devices to compare their performance in predicting complications in RC 

and other major surgery groups. 
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7.4 Chapter conclusions 

The two experiments presented in this chapter examine the utility of the step-count data 

collected from the Misfit Ray tracker in patients undergoing RC as part of the iROC trial. Section 

7.2 compared wearable device data with CPET variables used to risk stratify patients undergoing 

RC. My analysis showed that both MSC (maximum step-count recorded in a single day during a 

7-day period) and ASC (average step-count/day during a 7-day period) correlated significantly 

with both AT and VE/VC02 while MiSC(minimum step-count recorded in a single day during a 7-

day period only correlated with AT. Since MSC correlated most significantly with both CPET risk-

stratification variables, a Mann-Whitney U test was performed to compare MSC in patients who 

were in the high-risk group with patients in the low-risk group by CPET. MSC was significantly 

different in the high-risk and low-risk groups by each CPET variable, but most significant when 

the risk stratification variables were combined (p=0.000061). 

Section 7.3 assessed the utility of step-count data and other metrics collected at baseline in 

predicting major complications following RC. First, a Mann-Whitney U test was performed 

comparing patients who experienced major complications with patients who did not. Only MSC 

at baseline was found to be significantly different, while other variables such as CPET risk 

stratification, ECOG, BMI, age or NAC were not. Next, univariate multiple logistic regression was 

performed and MSC was the only significant predictor (p=0.042, O.R. = 0.025) of major 

complications following RC in this patient cohort. 

The findings of this chapter suggest that pre-operative measurement of daily step-count using 

wearable devices could be used as a risk stratification tool for major complications following RC 

and other major surgery groups. The next chapter will explore the utility of post-operative step-

count in predicting longer term outcomes (1 year).
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Chapter 8 Evaluating recovery of mobility following radical 

cystectomy as a predictor of survival at 1 year
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8.1 Chapter summary 

As discussed in section 6.2, there is a sharp reduction in daily step-count immediately following 

RC and a steady recovery in step-count in the cohort by 3 months post operatively. Even at 3 

months, the majority of patients have not returned to their baseline mobility. While patients 

who experience late complications could have a slower and prolonged recovery period, the 

number of patients who did not reach their baseline mobility (69.8%) was significantly higher 

than major complication rates or all complication rates (Section 6.2.3). It is important to consider 

why patients have such varying recovery patterns and assess any relationships with outcomes 

during the first year.  

To explore reasons for failure to return to baseline activity, I investigated whether there was an 

association between development of complications and failure to return to activity. Although a 

factor, the occurrence of a major complication was not an independent predictor of failure to 

achieve more than 50% of baseline activity at 3 months. The main cause of death in patients 

who undergo RC for MIBC is cancer recurrence, and nearly 90% of all metastatic recurrences are 

detectable in the first 2 years (as shown in the Kaplan Meier curve shown in Figure 1-1). Up to 

20% of patients undergoing RC develop metastatic disease in the first year, which is associated 

with a 5-year survival of approximately 10%[5]. 

In this chapter, I set out to explore the relationship between failure to recover activity and long-

term outcomes (measured at 12 months). To understand the potential for metastatic disease to 

impact return to baseline activity, I used  survival (overall survival and cancer-specific were the 

same in this cohort) survival as endpoint measures.   
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8.2 Introduction 

A recently published study by Lee et al.[221] reported that all-cause mortality in a cohort of 16, 

741 women >45 years of age was significantly lower in participants who had higher daily step-

count. Similarly, a meta-analysis by Ekelund et al.[235] reported findings across 8 studies 

comprising 36, 363 subjects and concluded that higher levels of activity at any intensity 

substantially reduced risk for mortality. However, most studies only had a single monitoring 

period so changes in physical activity in patients could not be assessed longitudinally. It is 

reasonable to expect that most patients would have a steady decline in overall function 

preceding their death and therefore a reduction in physical activity, particularly for patients with 

worsening chronic diseases. However, this hypothesis has not been tested in any currently 

reported studies.  

In this section, I will report mobility trends at baseline and 90 days post-RC and assess the 

relationship of recovery in terms of mobility with 1-year survival outcomes in this patient cohort. 
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8.3 Methods 

8.3.1 Patient population 

Data for patients who had undergone RC as part of the iROC trial was requested in May 2019 

from the iROC trial management committee. As with all previous analysis in this thesis, all data 

provided was blinded to procedure type (open or robotic). Patients were included for analysis if 

data was available for the following two criteria: 

1) Baseline and 3-month step-count as measured by the Misfit Ray (MR) device. 

2) Completed 1-year follow up or died before reaching 1-year follow up. 

8.3.2 Data collection 

 Study outcomes measured 

The primary outcome measure for the study is 1-year overall survival, and data on cancer-

specific survival is also collected. Additionally, 90-day complications are also reported using the 

modified Memorial Sloan-Kettering Cancer Center (MSKCC) Clavien–Dindo (CD) system[233]. 

 Step-count data 

Step-count data was included in the analysis if more than 5 days of continuous data was 

available. The following parameters were computed: average daily step-count (ASC) per day and 

maximum step-count (MSC) which is highest step-count in a single day. Step-count indices at 

baseline and 3 months following surgery were included. Based on my results in section 6.2, step-

count measures are analysed as non-parametrically distributed variables. 

 Statistical methods 

All statistical analysis was performed using the SPSS software version 25.0. Continuous data such 

as mean, median, interquartile range (IQR) and 95% confidence interval (CI) were reported using 

descriptive statistics. The Mann-Whitney U test was performed to explore associations between 

non-parametrically distributed variables. For variables with skewed distributions, a log-
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transformation was performed. The Kaplan-Meier estimator in SPSS is used to estimate the 

survival function. 

8.4  Results 

8.4.1 Demographic data 

52 patients met the criteria outlined in section 8.3.1. The baseline demographics of this patient 

cohort are included in Table 8-1. Of these patients, 7 (13.5%) died during the first year of follow-

up, with a median overall survival (OS) of 260 (IQR 181-279) days post-RC. All 7 deaths were due 

to CT-proven metastatic cancer recurrence, so this reflects cancer-specific survival (CSS) in the 

cohort as well. Of note, all 7 patients had CT scans at baseline and at 3 months post-operatively, 

and all had been reported to have no visible metastatic disease at these timepoints.  

Gender Male (%) 38 (73.1) 

Female (%) 14 (26.9) 

Age Median (IQR) 70 (63-75) 

ECOG  0 (%) 40 (76.9) 

1 (%) 8 (15.4) 

2 (%) 3 (5.8) 

3 (%) 1 (1.9) 

Diversion type Ileal Conduit n(%) 44 (84.6) 

Neobladder n(%) 8 (15.4) 

Neoadjuvant  Chemotherapy n (%) 16 (30.8) 

Immunotherapy n (%) 6 (11.5) 

Histology UCC (%) 47 (90.4) 

SCC (%) 2 (3.8) 

Adenocarcinoma (%) 0 (0) 

Other (%) 3 (5.8) 

BMI Median (IQR) 26.7 (24.0-30.2) 

Smoking Current smoker (%) 3 (5.8) 

Ex-smoker (%) 35 (67.3) 

Non-smoker (%) 14 (26.9) 

Table 8-1: Baseline characteristics of patients in the iROC trial with fitness tracking data and 1-
year outcome data. 
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Table 8-2 summarises the 90-day complications for these patients using the Clavien-Dindo 

classification of surgical complications. In summary, 50%, 36.5%, 13.4% of patients experienced 

no complications (CD= 0), low grade complications (CD= 1 to 2) and major complications (CD= 3 

to 5) respectively.  

Clavien-Dindo Grade n (%) 

0 26 (50.0) 

1 5 (9.6) 

2 14 (26.9) 

3 2 (3.8) 

4 5 (9.6) 

5 0 (0) 

Table 8-2: 90-day Clavien-Dindo Classification of complications for patients undergoing RC as 
part of the iROC trial 

 

8.4.2 Step-count data 

Average (ASC) and maximum step-count (MSC) at baseline and 3 months are presented in Figure 

8-1. A Wilcoxon signed-rank test was performed on each pair of values for ASC and MSC for 

these patients. These data show that ASC is significantly different (p=0.025, z=2.240) at 3 months 

when compared with baseline while no significant difference was observed in MSC (p=0.089, 

z=1.703). This result contrasts the findings described in section 6.3.3, which noted that both MSC 

and ASC were significantly different at 3 months when compared to baseline. Similar to the data 

presented in section 6.3.3, 10 (19.2%) and 9 (17.3%) patients from our current cohort had an 

ASC and MSC of under 50% of their baseline at 3 months respectively.  

No significant association was identified between complications (all or major) and reduced ASC 

or MSC at 3 months. This suggests that post-operative complications did not have a significant 

effect on 3 months post-operative mobility. 
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Figure 8-1: Box and whisker plots of (a) average and (b) maximum step-count at baseline and 3 
months 
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8.4.3 Receiver operating characteristic (ROC) curves 

ROC analysis was performed for percentage recovery of maximum and average steps at 3 

months (compared to baseline) to assess their diagnostic value for predicting disease-free 

survival (DFS) at 1 year following RC. The area under the curve for maximum steps and average 

steps is 0.863 and 0.990 respectively. Next, Youden’s J statistic was used to identify the best 

sensitivity specificity pairing to choose a best-fit threshold before plotting Kaplan-Meier curves 

for both metrics. Youden’s J statistic for maximum and average steps is 44.2% and 49.43% 

respectively. The ROC curves are presented in Figure 8-2. Tables summarizing coordinates of 

both ROC curves are included in Supplementary Table 10-10 and Supplementary Table 10-11. 
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Figure 8-2: ROC analysis for percentage recovery at 3 months post-RC compared with baseline 
for (a) maximum steps and (b) average steps predicting disease-free survival at 1 year 
following RC  

 

 

 
 

 

AUC=0.863 

AUC=0.990 

a) 

b) 
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8.4.4 Survival analysis and Kaplan-Meier curves 

In the next part of the analysis, survival analysis is presented, dividing patients into two groups: 

1) Patients who had >50% of their baseline activity levels according to their step-count 

2) Patients who had ≤50% of their baseline activity levels according to their step-count 

A threshold of 50% was chosen as both MSC and ASC had their optimal cut-offs close to 50%, as 

shown in Supplementary Table 10-10 and Supplementary Table 10-11, and patients being able 

to recover 50% of their baseline mobility by three months is a more clinically justifiable. This was 

repeated for both ASC and MSC. Figure 8-3 shows the Kaplan Meier survival curves for (a) ASC 

and (b) MSC. Of the 10 patients with ≤50% baseline ASC at 3 months, 7 (70%) died following 

oncological recurrence. All 42 patients who had >50% ASC at 3 months were alive and cancer-

free at 12 months post-RC. Of the 9 patients with ≤50% baseline MSC at 3 months, 5 (55.6%) 

died following an oncological recurrence and 41 of 43 patients who had >50% MSC at 3 months 

were alive at cancer-free at 12 months.  

Using 50% as the threshold for failed recovery following surgery, the diagnostic values of step-

count is presented in Table 8-3. Overall, ASC was a better predictor of survival (overall and 

cancer specific since all deaths were cancer related) with sensitivity and specificity of 100% and 

93% respectively, compared with MSC which had a sensitivity and specificity of 71% and 91% 

respectively. 

Supplementary Table 10-12 presents the results of MSC and ASC at their optimal cut-off values 

of 44.2% and 49.43% respectively. The sensitivity and specificity for ASC improved to 71% and 

98% respectively, while the pairings for MSC remained the same. While both results need to be 

validated in a larger cohort, this suggests that ASC may offer better sensitivity while MSC offers 

better specificity for OS and CSS at one year.  
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Figure 8-3: Kaplan Meier Survival curves during the first year of follow-up for (a) average steps 
and (b) maximum steps recovery with a threshold of 50% recovery by 3 months. 

 

 ASC MSC 

Sensitivity 100% 71% 

Specificity 93% 91% 

Positive predictive value 70% 56% 

Negative predictive value 86% 89% 

Table 8-3: Diagnostic value of ASC and MSC at 3 months being ≤50% of baseline at predicting 
overall survival at the end of 1-year post RC. 
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8.5 Discussion 

The results presented in this chapter suggest that step-count may have a prognostic value for 

survival at 1 year following RC. Previous studies have reported that patients with chronic 

conditions such as asthma and patellofemoral pain have reduced step-count than healthy 

individuals[159,161], so it would stand to reason that a patient with metastatic recurrence of 

bladder cancer should have significantly reduced step-count compared to a patient that has 

been cured of bladder cancer through radical surgery. These results suggest that differences in 

step-count may be apparent by three-months post operatively even before metastatic disease 

is detectable on CT scans (these patients had a CT scan at 3 months showing no evidence of 

metastases). 

Of note, no correlation was identified between recovery of average or maximum step-count (or 

absolute step-count) at 90 days post-operatively and all complications or major complications. 

This suggests that 90-day complications have no significant impact on mobility at the end of this 

peri-operative time period. Once the iROC trial is completed, it would be informative to analyse 

this data with the re-admission dates for all patients as not enough patients who experienced 

late complications may have been included in the current analysis, which could account for these 

results. Hospital admission data was not available for this analysis because the trial management 

committee considers it part of primary outcome of the iROC trial which is embargoed until its 

completion. 

All deaths reported in this cohort of patients were cancer-related. It is therefore difficult to 

distinguish if recovery of mobility at 90 days post-operatively was predictive of overall survival 

or cancer-specific survival. This could be partly attributed to the small sample size of 52 patients, 

and a low event-count of 7 deaths (13.5%). This is a limitation of the current study, and a similar 

analysis will be performed after the completion of 1-year follow-up for all patients recruited into 

the iROC trial. 
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8.6 Conclusions 

Average step-count outperform maximum step-count as a metric in predicting one-year survival, 

suggesting that measuring a patient’s mobility in the routine home setting could provide an early 

warning sign regarding cancer-specific or overall survival. To my knowledge, this relationship has 

not previously been reported in the literature. While the sample size of this study is relatively 

small, these results are hypothesis-generating and will be validated after the completion of the 

trial, which is expected to finish data collection in 2021. If these results are consistent in the 

larger iROC cohort (post-operative step counts can predict metastatic recurrence), this approach 

could be used alongside CT scanning and other new tests such as genomic biomarkers. This 

functional ‘biomarker’ could be used to select patients for early adjuvant chemotherapy or 

immunotherapy, which may directly impact patient prognosis. This relationship would need to 

be tested in a multi-arm randomised trial, with patients randomised to additional therapy or 

standard of care if they are below the 50% recovery threshold. Such a trial would need to be a 

large sample size given that in our current cohort, only 13.5% of patients died of recurrence in 

the first year.  
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Chapter 9 Overall conclusion 
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The results in this thesis suggest that wearable devices offer a new method to collect health 

status information on patients. These devices require little to no interaction from the patient, 

and offer a continuous stream of data that offers new insight into real time health status. 

Wearable devices may offer different utility at different stages in the patient journey: pre-

operative assessment, post-operative measurement of recovery and predicting survival. 

The iROC trial was an ideal trial to embed the fitness tracker sub-study, as it recruits patients 

who undergo a major operation with an aim to measure post-operative morbidity associated 

with the two different approaches (ORC and RARC). At the time of submission, 283 of 340 

patients (83%) have been randomised. Recruitment is expected to finish in 2020, with full one 

year analysis of secondary outcomes to be completed in 2021. 

PROMs such as the EORTC QLQ-C30 questionnaire are commonly used validated research 

instruments that offer insight into patient physical functioning in the home setting. In my 

analysis, I compared step-count with EORTC QLQ-C30 questionnaire scores during the peri-

operative period. As expected, patient mobility was significantly reduced immediately post-RC 

and approached baseline mobility by the end of 90 days, which shows a similar trend to the 

EORTC QLQ-C30 questionnaire scores. However, the changes in questionnaire scores and step-

count from baseline do not correlate significantly. This finding suggests that the objective 

measurement of step-count offers a new dimension into patient recovery that can supplement 

information gathered through PROM questionnaires. 

CPET is a widely adopted pre-operative assessment tool used to risk stratify patients undergoing 

RC. My analysis showed that step-count correlated significantly with key CPET variables. 

However, logistic regression showed that only step-count was an independent predictor of 

major complications post-RC, and not other variables including CPET. These results suggest that 

an inexpensive wearable device may be of greater utility in risk stratification of patients 

undergoing RC, compared to traditional pre-operative metrics including CPET. 



245 
 

In current clinical practice, surveillance computer tomography scanning is performed three 

times in the first year (3, 6, 12 months) and yearly thereafter to detect any metastatic 

recurrences. I evaluated recovery of mobility measured by a wearable device in predicting 

survival at 1 year post-RC, and reported that none of the patients who recovered at least 50% 

of their baseline activity levels by 3 months-RC went on to develop metastatic disease. Recovery 

of average daily step-count by three months had a sensitivity and specificity of 100% and 93% 

respectively when a 50% recovery threshold was applied. With new therapies such as 

immunotherapy being available to patients with bladder cancer, wearable devices may offer an 

avenue for patient selection. Certain cancers such as lung cancers use genomic testing prior to 

therapy selection for patients, and this functional biomarker of physical activity could be used 

in tandem with such laboratory tests to better select patients and directly impact patient 

outcomes.  

Since embarking on the iROC trial and all the undertaken experiments described, the technology 

in wearable devices has vastly improved, with additional health related features, longer battery 

life and less expensive devices. Additionally, the increased uptake of smartphones among 

patients will also allow for continuous synchronisation of data that can be uploaded to a cloud 

server in real time, negating data storage as a limiting factor for data collection. As we gather 

large amounts of data on patient mobility, heart rate trends, temperature variability and other 

metrics, there is no doubt that wearable devices will be an integral part of healthcare in the next 

decade.  
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Chapter 10  Future work
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The cumulative work undertaken in this thesis highlights the value wearable devices offer in the 

peri-operative period for patients undergoing RC or other major surgery. Step-count data from 

wearable devices correlates with standard pre-operative assessments such as CPET, has been 

associated with major complications in the peri-operative period as well as 1-year survival. An 

important aspect of my future work will be to repeat the analysis offered in this thesis on the 

entire iROC cohort after the completion of the study with a larger sample size. Once the trial has 

completed recruitment, it would also be valuable to compare mobility for ORC and RARC using 

wearable device-measured step-count.  

Wearable devices have become more affordable and additional health features have been 

included in newer devices. The increased uptake of smartphones also means that patients have 

access to their own smartphones that can directly synchronise data into the cloud at regular 

intervals, which means data could be reviewed and actioned more quickly. An important 

application of this advancement is monitoring patients remotely after their discharge from 

hospital following RC and other major surgery. To this end, I have setup a new prospective 

observational study called Domiciliary recovery after medicalisation Pathway[236] 

(DREAMPath) which is funded by The Urology Foundation and the St Peter’s Trust charities. 

DREAMPath is a prospective observational study to measure patient compliance with remote 

monitoring following discharge from hospital after major surgery using the Apple Watch Series 

4, Bluetooth enabled devices (sphygmomanometer, thermometer and pulse oximeter) and an 

iPhone. These devices were chosen to mimic the standard measures used in hospital to monitor 

patients as part of an early warning score[237]. All data is collected on a cloud-based platform 

in real time. The primary objective of the study is to measure patient compliance with these 

measures at home during the first 30 days after discharge. Additionally, an important secondary 

objective is to measure if the physiological and PROM measures collected can predict hospital 

re-admissions during this high-risk period. In an early interim analysis, nearly 6,000 data points 
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were collected per patients and a remote early warning score could offer a 48-hour lead time 

over patient-led Accident & Emergency department attendance. 

After the completion of DREAMPath, the next step will be to assess if an easily delivered 

intervention could rescue these patients from failure by triaging patients for hospital attendance 

based on the early warning score. I am working closely with Professor John Kelly and Professor 

James Catto to develop the trial protocol and apply for grant funding. This study will reduce the 

number of devices that patients will engage with, and test standard of care patient-led return 

to hospital with a remotely delivered clinician-led return to hospital. 

While the wearable-device sub-study in the iROC trial is likely to allude to any differences in 

mobility between ORC and RARC, another independent prospective case-control study is 

planned to compare mobility at baseline and for a period of 30 consecutive days with a wearable 

device that can measure step-count, heart rate, sleep and other health data that patients will 

synchronise to their smartphones and this will be uploaded and logged automatically for a 

continuous 30 day period, as opposed to the seven day period collected in the iROC trial. A grant 

proposal for this work was submitted to Intuitive Surgical in June 2019, and I have been 

shortlisted for the final round of applications with a decision due in November 2019. 

While wearable devices offer exciting opportunities in peri-operative recovery, I believe they 

have the potential to benefit patients in other specialties as well. For example, wearable devices 

that can measure temperature changes could be useful in monitoring patients undergoing 

chemotherapy who are at high risk of neutropenic sepsis. To this end, there is ongoing work to 

embed wearable device data into patient electronic healthcare records at University College 

London Hospital. I am working closely with Professor John Kelly and Professor Ramani 

Moonesinghe to develop this project in the coming years. 

My time as a doctoral student has enabled me to explore ideas about applying wearable devices 

in the peri-operative pathway in a systematic way, and generate hypothesis that will be tested 
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in future studies. As the field of wearable devices grows and patient acceptance to such 

technologies improves, I have no doubt that wearable devices will provide new insight into 

patient wellness in peri-operative and other settings in healthcare.  
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I. Tables 
 

T - Primary Tumour 

Tx Primary tumour cannot be assessed 

T0 No evidence of primary tumour 

Ta Non-invasive papillary carcinoma 

Tis Carcinoma in situ: “flat tumour” 

T1 Tumour invades subepithelial connective tissue 

T2 
Tumour invades muscle T2a Tumour invades superficial muscle (inner half) T2b 
Tumour invades deep muscle (outer half) 

T3 

3a Tumour invades perivesical tissue microscopically  

3b Tumour invades perivesical tissue macroscopically (extravesical mass) 

T4 

4a Tumour invades prostate stroma, seminal vesicles, uterus, or vagina 

4b  Tumour invades pelvic wall or abdominal wall 

N - Regional Lymph nodes 

Nx Regional lymph nodes cannot be assessed 

N0 No regional lymph-node metastasis 

N1 
Metastasis in a single lymph node in the true pelvis (hypogastric, obturator, 
external iliac, or presacral) 

N2 
Metastasis in multiple lymph nodes in the true pelvis (hypogastric, obturator, 
external iliac, or presacral) 

N3 Metastasis in common iliac lymph node(s) 

M - Distant Metastasis 

M0 No distant metastasis  

M1 Distant metastasis 

Supplementary Table 10-1: TNM classification of urinary bladder cancer 
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1973 WHO grading system 

Grade 1 Well differentiated 

Grade 2 Moderately differentiated 

Grade 3 Poorly differentiated 

2004 WHO grading system (papillary lesions)  

Papillary urothelial neoplasm of low malignant potential (PUNLMP) 

Low-grade (LG) papillary urothelial carcinoma  

High-grade (HG) papillary urothelial carcinoma 

Supplementary Table 10-2: WHO grading in 1973 and 2004 
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No. Author, year 
RCT Study design 

Domain 1:  
a) Randomisation 
process 
b) [Cluster only] Timing 
of identification & 
recruitment of 
participants in relation to 
timing of randomisation 

Domain 2: Deviation 
from the intended 
interventions 

Domain 3: Missing 
outcome data 

Domain 4: 
Measurement of the 
outcome 

Domain 5: Selection of 
the reported result 

Overall risk of 
bias 

1 Valle, 2017[120] 
Standard 

Low Low Low High Some concerns HIGH 

2 Miyauchi, 2016[121] 
Standard 

Some concerns Some concerns Low Low Some concerns 
SOME 

CONCERNS 

3 Gordon, 2017[122] 
Standard 

Some concerns Low High Low Some concerns HIGH 

4 Thomas, 2017[123] 
Standard 

Low Low Low Low Some concerns 
SOME 

CONCERNS 

5 Li, 2017[124] 
Standard 

Some concerns Low Low Low Some concerns 
SOME 

CONCERNS 

6 Jakicic, 2016[102] 
Standard 

Low Low Low Low Low LOW 

7 Williams 2017[125] High Low Low Low Some concerns HIGH 

8 Han 2016[126] High High High Low High HIGH 

9 Tran, 2017[118] 
Cluster 

a) Low 
b) Low 

Low Low Low Low LOW 

10 Takahashi, 
2016[119] 
Crossover 

Low Low Low Low Low LOW 

11 Lynch, 2019[127] Some concerns Some concerns Low 
Low Low 

SOME 
CONCERNS 

12 Smith, 2019[128] Some concerns High Low Low Some concerns HIGH 

13 McNeil, 2019[129] High Low Low Low Some concerns HIGH 

14 Falck, 2018[130] 
Some concerns Low Low Low Some concerns 

SOME 
CONCERNS 

15 Varas, 2018[131] 
Some concerns Some concerns Low Low Some concerns 

SOME 
CONCERNS 
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16 Duscha, 2018[132] High risk High risk Low Low Some concerns HIGH 

17 Phan, 2018[113] Low Low Low Low Low LOW 

18 Van der Walt, 
2018[133] 
 

Low Low Low Low Low LOW 

19 Orme, 2018[134] 
Some concerns Low High Low Some concerns 

SOME 
CONCERNS 

20 
 

Katz, 2018[135] 
Low Low Low Low Some concerns LOW 

21 Kooiman, 2018[136] 
Some concerns Low Some concerns Low Some concerns 

SOME 
CONCERNS 

22 Kanai, 2018[137] Low Low Low Low Low LOW 

23 Mitchell, 2019[138] a) Some Concerns 
b) Low Low Low Low Some Concerns 

SOME 
CONCERNS 

Supplementary Table 1: Risk of bias assessment for included randomised controlled studies using the Cochrane Collaboration’s risk of bias-2 tool 

Supplementary Table 10-3: Risk of bias assessment for included randomised controlled studies using the Cochrane Collaboration’s risk of bias-2 tool 
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 Author, Year Valle, 2017 Miyauchi, 
2016 

Gordon, 
2017 

Thomas, 
2017 

Li, 2017 Jakicic, 
2016 

Williams 
2017 

Han 2016 

Doman 1: Risk of bias arising from the randomisation process 

1.1 Was the allocation sequence 
random? 

Yes No 
information 

No 
information 

Yes Yes Yes No 
information 

No 
information 

1.2 Was the allocation sequence 
concealed until participants were 
enrolled and assigned to 
interventions? 

Yes No 
information 

No 
information 

Yes No 
information 

Yes No 
information 

No 
information 

1.3 Did baseline differences between 
intervention groups suggest a problem 
with the randomization process?  

No No No No Yes No Yes Yes 

Risk-of-bias judgement Low Some 
concerns 

Some 
concerns 

Low Some 
concerns 

Low High High 

Domain 2: Risk of bias due to deviations from the intended interventions 

2.1. Were participants aware of their 
assigned intervention during the trial? 

Yes Yes Yes Yes Yes Yes Yes Yes 

2.2. Were carers and people delivering 
the interventions aware of 
participants' assigned intervention 
during the trial? 

Yes No 
information 

No 
information 

Yes No 
information 

No 
information 

Yes Yes 

2.3. If Y/PY/NI to 2.1 or 2.2: Were 
there deviations from the intended 
intervention that arose because of the 
experimental context? 

No No Probably no Probably no Probably no No No No 

2.4. If Y/PY to 2.3: Were these 
deviations from intended intervention 
balanced between groups? 

N/A N/A N/A N/A N/A N/A N/A N/A 

2.5 If N/PN/NI to 2.4: Were these 
deviations likely to have affected the 
outcome? 

N/A N/A N/A N/A N/A N/A N/A N/A 

2.6 Was an appropriate analysis used 
to estimate the effect of assignment 
to intervention? 

Yes No Yes Yes Yes Yes Yes No 

2.7 If N/PN/NI to 2.6: Was there 
potential for a substantial impact (on 

N/A Probably no N/A N/A N/A N/A N/A Probably 
yes 
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the result) of the failure to analyse 
participants in the group to which 
they were randomized? 

Risk-of-bias judgement Low Some 
concerns 

Low Low Low Low Low High 

Domain 3: Missing outcome data 

3.1 Were data for this outcome 
available for all, or nearly all, 
participants randomized? 

Yes Yes No 
information 

No Yes No Yes No 

3.2 If N/PN/NI to 3.1: Is there 
evidence that result was not biased by 
missing outcome data? 

N/A N/A Probably no Yes N/A Probably no N/A No 

3.3 If N/PN to 3.2: Could missingness 
in the outcome depend on its true 
value? 

N/A N/A No 
information 

N/A N/A No N/A No 
information 

3.4 If Y/PY/NI to 3.3: Do the 
proportions of missing outcome data 
differ between intervention groups?  

N/A N/A No 
information 

N/A N/A N/A N/A No 
information 

3.5 If Y/PY/NI to 3.3: Is it likely that 
missingness in the outcome depended 
on its true value? 

N/A N/A No 
information 

N/A N/A N/A N/A No 
information 

Risk-of-bias judgement Low Low High Low Low Low Low High 

Domain 4: Risk of bias in measurement of the outcome 

4.1 Was the method of measuring the 
outcome inappropriate? 

No No No No No No No No 

4.2 Could measurement or 
ascertainment of the outcome have 
differed between intervention 
groups? 

Probably 
yes 

No No No No No No No 

4.3 If N/PN/NI to 4.1 and 4.2: Were 
outcome assessors aware of the 
intervention received by study 
participants? 

Yes No 
information 

No 
information 

No No 
information 

No 
information 

Yes Yes 

4.4 If Y/PY/NI to 4.3: Could 
assessment of the outcome have been 

Probably 
yes 

No Probably no N/A No No Probably no Probably no 
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influenced by knowledge of 
intervention received? 

4.5 If Y/PY/NI to 4.4: Is it likely that 
assessment of the outcome was 
influenced by knowledge of 
intervention received? 

Probably 
yes 

N/A N/A N/A N/A N/A N/A N/A 

Risk-of-bias judgement High Low Low Low Low Low Low Low 

Domain 5: Risk of bias in selection of the reported result 

5.1 Was the trial analysed in 
accordance with a pre-specified plan 
that was finalized before unblinded 
outcome data were available for 
analysis? 

No 
information 

No 
information 

No 
information 

No 
information 

No 
information 

Yes No 
information 

No 
information 

Is the numerical result being assessed likely to have been selected, on the basis of the results, from... 

5.2. ... multiple outcome 
measurements (e.g. scales, 
definitions, time points) within 
the outcome domain? 

Probably no No Probably no No No No No No 

5.3 ... multiple analyses of the 
data? 

Probably no No No No No No No No 

Risk-of-bias judgement Some 
concerns 

Some 
concerns 

Some 
concerns 

Some 
concerns 

Some 
concerns 

Low Some 
concerns 

Some 
concerns 

OVERALL RISK OF BIAS High 
Some 

concerns 
High 

Some 
concerns 

Some 
concerns 

Low High High 

Supplementary Table 10-4: Detailed risk of bias assessment for RCT studies (standard) 
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Author, Year Lynch, 2019 Smith 2019 McNeil 2019 Falck 2018 Beatriz-Varas 
2018 

Duscha 2019 

Doman 1: Risk of bias arising from the randomisation process 

1.1 Was the allocation sequence 
random? 

Yes Yes No information Yes Yes No information 

1.2 Was the allocation sequence 
concealed until participants were 
enrolled and assigned to 
interventions? 

Yes No information No information No information No information No information 

1.3 Did baseline differences between 
intervention groups suggest a problem 
with the randomization process?  

Probably yes No Probably yes Probably no No Probably yes 

Risk-of-bias judgement Some concerns Some concerns High risk Some concerns Some concerns High risk 

Domain 2: Risk of bias due to deviations from the intended interventions 

2.1. Were participants aware of their 
assigned intervention during the trial? 

Yes Yes Yes Yes Yes Yes 

2.2. Were carers and people delivering 
the interventions aware of 
participants' assigned intervention 
during the trial? 

No information Yes Yes Yes Yes Yes 

2.3. If Y/PY/NI to 2.1 or 2.2: Were 
there deviations from the intended 
intervention that arose because of the 
experimental context? 

No Probably no Probably no Probably no No No 

2.4. If Y/PY to 2.3: Were these 
deviations from intended intervention 
balanced between groups? 

N/A N/A N/A N/A N/A N/A 

2.5 If N/PN/NI to 2.4: Were these 
deviations likely to have affected the 
outcome? 

N/A N/A N/A N/A N/A N/A 

2.6 Was an appropriate analysis used 
to estimate the effect of assignment 
to intervention? 

No No Yes Yes No No 

2.7 If N/PN/NI to 2.6: Was there 
potential for a substantial impact (on 
the result) of the failure to analyse 

Probably no Probably yes N/A N/A Probably no Probably yes 
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participants in the group to which 
they were randomized? 

Risk-of-bias judgement Some concerns High risk Low risk Low risk Some concerns High risk 

Domain 3: Missing outcome data 

3.1 Were data for this outcome 
available for all, or nearly all, 
participants randomized? 

No No No No No No 

3.2 If N/PN/NI to 3.1: Is there 
evidence that result was not biased by 
missing outcome data? 

Yes No Yes Probably yes No Probably no 

3.3 If N/PN to 3.2: Could missingness 
in the outcome depend on its true 
value? 

N/A Probably no N/A N/A Probably no Probably no 

3.4 If Y/PY/NI to 3.3: Do the 
proportions of missing outcome data 
differ between intervention groups?  

N/A N/A N/A N/A N/A N/A 

3.5 If Y/PY/NI to 3.3: Is it likely that 
missingness in the outcome depended 
on its true value? 

N/A N/A N/A N/A N/A N/A 

Risk-of-bias judgement Low risk Low risk Low risk Low risk Low risk Low risk 

Domain 4: Risk of bias in measurement of the outcome 

4.1 Was the method of measuring the 
outcome inappropriate? 

No No No No No No 

4.2 Could measurement or 
ascertainment of the outcome have 
differed between intervention 
groups? 

No No No No No No 

4.3 If N/PN/NI to 4.1 and 4.2: Were 
outcome assessors aware of the 
intervention received by study 
participants? 

Yes No information No Yes No No information 

4.4 If Y/PY/NI to 4.3: Could 
assessment of the outcome have been 
influenced by knowledge of 
intervention received? 

No No N/A No N/A No 
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4.5 If Y/PY/NI to 4.4: Is it likely that 
assessment of the outcome was 
influenced by knowledge of 
intervention received? 

N/A N/A N/A N/A N/A N/A 

Risk-of-bias judgement Low risk Low risk Low risk Low risk Low risk Low risk 

Domain 5: Risk of bias in selection of the reported result 

5.1 Was the trial analysed in 
accordance with a pre-specified plan 
that was finalized before unblinded 
outcome data were available for 
analysis? 

Yes No information No information No information No information No information 

5.2. ... multiple outcome 
measurements (e.g. scales, 
definitions, time points) within 
the outcome domain? 

No No No No No No 

5.3 ... multiple analyses of the 
data? 

No No No No No No 

Risk-of-bias judgement Low risk Some concerns Some concerns Some concerns Some concerns Some concerns 

OVERALL RISK OF BIAS Some concerns High High Some concerns Some concerns High 

Supplementary Table 14-4: Detailed risk of bias assessment for RCT studies (standard) continued [1] 
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Author, Year Phan, 
2018[113] 

Van der 
Walt, 

2018[133] 

Orme, 
2018[134] 

Katz, 
2018[135] 

Kooiman, 
2018[136] 

Kanai, 
2018[137] 

Mitchell, 
2019[138] 

Doman 1: Risk of bias arising from the randomisation process 

1.1 Was the allocation sequence 
random? 

Yes Yes Yes Yes Yes Yes No 
information 

1.2 Was the allocation sequence 
concealed until participants were 
enrolled and assigned to 
interventions? 

No 
information 

Yes No Yes No 
information 

Yes No 
information 

1.3 Did baseline differences between 
intervention groups suggest a problem 
with the randomization process?  

No No Yes No Yes No No 

Risk-of-bias judgement Low Low Some 
concerns 

Low Some 
concerns 

Low Some 
concerns 

Domain 2: Risk of bias due to deviations from the intended interventions 

2.1. Were participants aware of their 
assigned intervention during the trial? 

Yes Yes Yes Yes Yes Yes Yes 

2.2. Were carers and people delivering 
the interventions aware of 
participants' assigned intervention 
during the trial? 

Yes Yes Yes Yes Yes Yes Yes 

2.3. If Y/PY/NI to 2.1 or 2.2: Were 
there deviations from the intended 
intervention that arose because of the 
experimental context? 

No No No No No No No 

2.4. If Y/PY to 2.3: Were these 
deviations from intended intervention 
balanced between groups? 

N/A N/A N/A N/A N/A N/A N/A 

2.5 If N/PN/NI to 2.4: Were these 
deviations likely to have affected the 
outcome?  

N/A N/A N/A N/A N/A N/A N/A 
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2.6 Was an appropriate analysis used 
to estimate the effect of assignment 
to intervention? 

Yes Yes Yes Yes Yes Yes Yes 

2.7 If N/PN/NI to 2.6: Was there 
potential for a substantial impact (on 
the result) of the failure to analyse 
participants in the group to which 
they were randomized? 

N/A N/A N/A N/A N/A N/A N/A 

Risk-of-bias judgement Low Low Low Low Low Low Low 

Domain 3: Missing outcome data 

3.1 Were data for this outcome 
available for all, or nearly all, 
participants randomized? 

Yes Yes No Yes Yes Yes Yes 

3.2 If N/PN/NI to 3.1: Is there 
evidence that result was not biased by 
missing outcome data? 

N/A N/A Probably no N/A N/A N/A N/A 

3.3 If N/PN to 3.2: Could missingness 
in the outcome depend on its true 
value? 

N/A N/A No 
information 

N/A N/A N/A N/A 

3.4 If Y/PY/NI to 3.3: Do the 
proportions of missing outcome data 
differ between intervention groups?  

N/A N/A Yes N/A N/A N/A N/A 

3.5 If Y/PY/NI to 3.3: Is it likely that 
missingness in the outcome depended 
on its true value? 

N/A N/A No 
information 

N/A N/A N/A N/A 

Risk-of-bias judgement Low Low High Low Low Low Low 

Domain 4: Risk of bias in measurement of the outcome 

4.1 Was the method of measuring the 
outcome inappropriate? 

No No No No No No No 

4.2 Could measurement or 
ascertainment of the outcome have 
differed between intervention 
groups? 

No No No No No No No 

4.3 If N/PN/NI to 4.1 and 4.2: Were 
outcome assessors aware of the 

N/A Yes No 
information 

No No 
information 

No 
information 

Yes 
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Supplementary Table 14-4: Detailed risk of bias assessment for RCT studies (standard) continued [2] 

 

 

intervention received by study 
participants? 

4.4 If Y/PY/NI to 4.3: Could 
assessment of the outcome have been 
influenced by knowledge of 
intervention received? 

N/A No Probably no N/A No No No 

4.5 If Y/PY/NI to 4.4: Is it likely that 
assessment of the outcome was 
influenced by knowledge of 
intervention received? 

N/A N/A N/A N/A N/A N/A N/A 

Risk-of-bias judgement Low Low Low Low Low Low Low 

5.1 Was the trial analysed in 
accordance with a pre-specified plan 
that was finalized before unblinded 
outcome data were available for 
analysis? 

No No 
information 

No 
information 

No 
information 

No 
information 

Yes No 
information 

5.2. ... multiple outcome 
measurements (e.g. scales, 
definitions, time points) within 
the outcome domain? 

No No Probably no No No No No 

5.3 ... multiple analyses of the 
data? 

No No No No No No No 

Risk-of-bias judgement Low Low Some 
concerns 

Some 
concerns 

Some 
concerns 

Low Some 
concerns 

OVERALL RISK OF BIAS Low Low 
Some 

concerns 
Low 

Some 
concerns 

Low 
Some 

concerns 
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Author, Year Tran 2017 Mitchell, 
2019[138] 

Domain 1a: Bias arising from the randomisation process 

1a.1 Was the allocation sequence random? Probably yes Probably yes 

1a.2 Is it likely that the allocation sequence was subverted? Probably no Probably no 

1a.3 Were there baseline imbalances that suggest a problem with 
the randomization process?  

No No 

Risk of bias judgement Low Low 

Domain 1b: Bias arising from the timing of identification and recruitment of individual participants in 
relation to timing of randomization 

1b.1 Were all the individual participants identified before 
randomization of clusters (and if the trial specifically recruited 
patients were they all recruited before randomization of clusters)? 

Probably yes Yes 

1b.2 If N/PN/NI to 1b.1: Is it likely that selection of individual 
participants was affected by knowledge of the intervention? 

N/A N/A 

1b.3 Were there baseline imbalances that suggest differential 
identification or recruitment of individual participants between 
arms? 

No No 

Risk of bias judgement Low Low 

Domain 2: Bias due to deviations from intended interventions 

2.1a Were participants aware that they were in a trial? No 
information 

Yes 

2.1b If Y/PY/NI to 2.1a: Were participants aware of their assigned 
intervention during the trial? 

Yes Yes 

2.2. Were carers and trial personnel aware of participants' assigned 
intervention during the trial? 

Yes Yes 

2.3. If Y/PY/NI to 2.1 or 2.2: Were there deviations from the 
intended intervention beyond what would be expected in usual 
practice? 

Probably no No 

2.4. If Y/PY to 2.3: Were these deviations from intended 
intervention unbalanced between groups and likely to have 
affected the outcome? 

N/A N/A 

2.5a Were any clusters analysed in a group different from the one 
to which they were assigned? 

No No 
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2.5b Were any participants analysed in a group different from the 
one to which their original cluster was randomized? 

No No 

2.6 If Y/PY/NI to 2.5: Was there potential for a substantial impact 
(on the estimated effect of intervention) of analysing participants in 
the wrong group? 

N/A N/A 

Risk of bias judgement Low Low 

Domain 3: Bias due to missing outcome data 

3.1a Were outcome data available for all, or nearly all, clusters 
randomized? 

No Yes 

3.1b Were outcome data available for all, or nearly all, participants 
within clusters? 

No Yes 

3.2 If N/PN/NI to 3.1a or 3.1b: Are the proportions of missing 
outcome data and reasons for missing outcome data similar across 
intervention groups? 

Yes N/A 

3.3 If N/PN/NI to 3.1a or 3.1b: Is there evidence that results were 
robust to the presence of missing outcome data? 

No 
information 

N/A 

Risk of bias judgement Low Low 

Domain 4: Bias in measurement of the outcome 

4.1a Were outcome assessors aware that a trial was taking place? No 
information 

No 
information 

4.1b If Y/PY/NI to 4.1: Were outcome assessors aware of the 
intervention received by study participants? 

Yes Probably Yes 

4.2 If Y/PY/NI to 4.1: Was the assessment of the outcome likely to 
be influenced by knowledge of intervention received? 

Probably no Probably No 

Risk of bias judgement Low Low 

Domain 5: Bias in selection of the reported result 

Are the reported outcome data likely to have been selected, on the basis of the 
results, from... 

 

5.1. ... multiple outcome measurements (e.g. scales, 
definitions, time points) within the outcome domain? 

No No 

5.2 ... multiple analyses of the data? No No 
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Risk of bias judgement Low Low 

OVERALL RISK OF BIAS Low 
Low 

Supplementary Table 10-5: Detailed risk of bias assessment for RCT studies (cluster)
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Author, Year Takahashi 2016 

Domain 1: Bias arising from the randomisation process 

1.1 Was the allocation sequence random? Yes 

1.2 Was the allocation sequence concealed until participants were recruited and 
assigned to interventions?  

Yes 

1.3 Were there baseline imbalances that suggest a problem with the 
randomization process?  

No 

1.4 Is a roughly equal proportion of participants allocated to each of the two 
groups?  

Yes 

1.5 If N/PN/NI to 1.4: Are period effects included in the analysis?  N/A 

Risk of bias judgement Low 

Domain 2: Bias due to deviations from intended interventions  

2.1. Were participants aware of their assigned intervention during each period 
of the trial?  

Yes 

2.2. Were carers and trial personnel aware of participants' assigned 
intervention during each period of the trial?  

Yes 

2.3. If Y/PY/NI to 2.1 or 2.2: Were there deviations from the intended 
interventions beyond what would be expected in usual practice?  

No 

2.4. If Y/PY to 2.3: Were these deviations from intended interventions 
unbalanced between the two interventions and likely to have affected the 
outcome?  

N/A 

2.5 Was there sufficient time for any carry-over effects to have disappeared 
before outcome assessment in the second period?  

N/A* 

Risk of bias judgement Low 

Domain 3: Bias due to missing outcome data 

3.1 Were outcome data available for all, or nearly all, participants randomized?  No 

3.2 If N/PN/NI to 3.1: Are the proportions of missing outcome data and reasons 
for missing outcome data similar across interventions?  

No 

3.3. If N/PN/NI to 3.1: Is there evidence that results were robust to the presence 
of missing outcome data?  

Yes 

Risk of bias judgement Low 

Domain 3: Bias in measurement of the outcome 
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4.1 Were outcome assessors aware of the intervention received by study 
participants?  

Yes 

4.2 If Y/PY/NI to 4.1: Was the assessment of the outcome likely to be influenced 
by knowledge of intervention received?  

No 

Risk of bias judgement Low 

Domain 5: Bias in selection of the reported result 

Are the reported outcome data likely to have been selected, on the basis of the results, from... 

5.1. ... multiple outcome measurements (e.g. scales, definitions, time 
points) within the outcome domain? 

No 

5.2 ... multiple analyses of the data? No 

5.3 … the outcome of a statistical test for carry-over?  N/A* 

Risk of bias judgement Low 

OVERALL RISK OF BIAS Low 

Supplementary Table 10-6: Detailed risk of bias assessment for RCT studies (crossover) 
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No.  Author, year Bias due to 
confounding  

Bias in selection 
of participants 
into the study 

Bias in 
classification of 
interventions 

Bias due to 
deviations from 
intended 
interventions 

Bias due to 
missing data 

Bias in 
measurement of 
outcomes 

Bias in selection 
of the reported 
result 

Risk of bias 
judgement 

1 Jacquemin, 
2018[158] 

No Potentially Yes No No Potentially Yes No No MODERATE 

2 Van’t Hul, 
2016[159] 

Yes Yes No No No No No SERIOUS 

3 Peacock, 
2017[160] 

Potentially Yes No No No No No No LOW 

4 Glaviano, 
2017[161] 

No No No No No No No LOW 

5 Colón-
Semenza[162] 

No No No No Potentially Yes Potentially Yes No MODERATE 

6 Kuenze, 
2019[163] 

No No No No No No No LOW 

Supplementary Table 10-7: Risk of bias assessment for included non-randomised studies using the ROBINS-I assessment tool 
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Author Bias Author’s judgment Support for judgment 

Bochner 
et al. 
  
  
  
  
  
  

Random sequence generation (selection bias)  Low risk Patients were stratified by age (≤64 vs ≥64 yr) and American 
Society of Anaesthesiologist score (1-2 vs 3-4), then randomly 
assigned 1:1 using randomly permuted blocks of random 
length.  

Allocation concealment (selection bias)  Low risk Randomisation performed by independent office where 
allocation concealment was ensured by a password-
protected database 

Blinding of participants and researchers 
(performance bias)  

High risk Blinding not possible  

Blinding of outcome assessment (detection bias)  High risk Blinding not possible 

Incomplete outcome data (attrition bias)  Low risk No patients lost to follow-up 

Selective reporting (reporting bias)  Low risk All pre-specified outcomes were reported 

Other bias  Low risk None 

Nix et al. 
  
  
  
  
  
  

Random sequence generation (selection bias)  High risk The randomisation schema was performed with five 
sequential patients undergoing an approach before 
alternating surgical modality 

Allocation concealment (selection bias)  High risk Randomisation schema of five sequential patients may allow 
the investigator to predict allocation concealment 

Blinding of participants and researchers 
(performance bias)  

High risk Blinding not possible  

Blinding of outcome assessment (detection bias) High risk Low risk  

Incomplete outcome data (attrition bias)  Low risk No patients lost to follow-up  

Selective reporting (reporting bias)  Low risk All pre-specified outcomes were reported 

Other bias  Low risk None 

Parekh et 
al. 
  
  
  
  

Random sequence generation (selection bias)  Low risk Computerised randomisation 

Allocation concealment (selection bias)  Low risk Each assignment was placed in a sealed envelope with the 
corresponding slot number written on the outside. At the 
time of consent, the lowest numbered envelope remaining 
was opened and the patient was assigned to the surgical 
procedure listed on the piece of paper inside the envelope. 
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Blinding of participants and researchers 
(performance bias)  

High risk Blinding not possible  

Blinding of outcome assessment (detection bias) High risk Blinding not possible 

Incomplete outcome data (attrition bias)  Low risk No patients were lost to follow-up  

Selective reporting (reporting bias)  Low risk Peri-operative pathological outcomes were not reported for 
one patient. Reasons for missing outcome data unlikely to 
result in bias 

Other bias  Low risk None 

Khan et 
al. 
  
  
  
  
  
  

Random sequence generation (selection bias)  Low risk Simple randomisation 

Allocation concealment (selection bias)  Low risk Allocation envelopes were opened by the patient in the 
presence of three members of the research team to ensure 
that no changes were made to allocation 

Blinding of participants and researchers 
(performance bias)  

High risk Blinding not possible  

Blinding of outcome assessment (detection bias) High risk Blinding not possible 

Incomplete outcome data (attrition bias)  Low risk One patient lost to follow-up. Reasons for missing outcome 
data unlikely to be related to true outcome 

Selective reporting (reporting bias)  Low risk All pre-specified outcomes were reported 

Other bias  Low risk None 

Supplementary Table 10-8: Risk of bias using the Cochrane RoB tool for RCTs comparing ORC and RARC
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N Median IQR 

Baseline Average 
steps 

143 5921.4 4000.9-
8270.8 

Maximum 
steps 

143 8572.0 6348-12436 

Minimum 
steps 

143 3442.0 2136-5006 

day 5 post-op Average 
steps 

132 1525.4 833.6-2409.1 

Maximum 
steps 

132 2401.0 1338.5-
4009.5 

Minimum 
steps 

132 717.0 394-1257 

1 month post-op Average 
steps 

124 3819.9 2170.8-
5926.8 

Maximum 
steps 

124 6115.0 3274-8892.5 

Minimum 
steps 

124 2129.0 1070-3180 

3 months post-op Average 
steps 

106 5774.3 3698.4-
7186.9 

Maximum 
steps 

106 8374.0 5381-11058.5 

Minimum 
steps 

106 2702.0 1326-4056 

Supplementary Table 10-9: Median and IQR values for average, day 5 post-op, 1 month and 
3 month step-count 
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Percentage cut-off Sensitivity 1 - Specificity Youden's J 
statistic 

7.69% 1 1 0 

9.87% 1 0.857 0.143 

15.62% 1 0.714 0.286 

23.46% 1 0.571 0.429 

31.53% 0.978 0.571 0.407 

40.11% 0.978 0.429 0.549 

44.24% 0.978 0.286 0.692 

45.07% 0.956 0.286 0.67 

47.30% 0.933 0.286 0.647 

50.37% 0.911 0.286 0.625 

54.91% 0.889 0.286 0.603 

59.13% 0.867 0.286 0.581 

62.05% 0.844 0.286 0.558 

64.51% 0.822 0.286 0.536 

66.83% 0.822 0.143 0.679 

69.12% 0.8 0.143 0.657 

70.72% 0.778 0.143 0.635 

72.34% 0.756 0.143 0.613 

74.25% 0.733 0.143 0.59 

75.83% 0.711 0.143 0.568 

77.43% 0.689 0.143 0.546 

81.76% 0.667 0.143 0.524 

85.56% 0.644 0.143 0.501 

87.90% 0.622 0.143 0.479 

89.75% 0.6 0.143 0.457 

90.73% 0.578 0.143 0.435 

92.41% 0.556 0.143 0.413 

94.43% 0.533 0.143 0.39 

96.96% 0.511 0.143 0.368 

99.49% 0.489 0.143 0.346 

100.70% 0.467 0.143 0.324 

101.95% 0.444 0.143 0.301 

102.95% 0.422 0.143 0.279 

103.07% 0.4 0.143 0.257 

103.82% 0.378 0.143 0.235 

104.66% 0.356 0.143 0.213 

104.88% 0.333 0.143 0.19 

107.38% 0.311 0.143 0.168 

110.90% 0.289 0.143 0.146 

113.38% 0.267 0.143 0.124 

115.01% 0.267 0 0.267 

116.60% 0.244 0 0.244 

119.67% 0.222 0 0.222 

123.89% 0.2 0 0.2 
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131.55% 0.178 0 0.178 

146.61% 0.156 0 0.156 

159.26% 0.133 0 0.133 

171.76% 0.111 0 0.111 

204.51% 0.089 0 0.089 

250.41% 0.067 0 0.067 

331.48% 0.044 0 0.044 

631.49% 0.022 0 0.022 

874.36% 0 0 0 

Supplementary Table 10-10: Percentage cut-off values and Youden’s J statistic for maximum 
step counts in predicting disease-free 1 year survival 
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Percentage cut-off Sensitivity 1 - Specificity Youden's J 
statistic 

6.58% 1 1 0 

585.52% 0 0 0 

492.98% 0.022 0 0.022 

300.00% 0.044 0 0.044 

195.96% 0.067 0 0.067 

183.06% 0.089 0 0.089 

171.03% 0.111 0 0.111 

168.82% 0.133 0 0.133 

8.34% 1 0.857 0.143 

163.39% 0.156 0 0.156 

147.01% 0.178 0 0.178 

131.66% 0.2 0 0.2 

123.63% 0.222 0 0.222 

118.18% 0.244 0 0.244 

116.73% 0.267 0 0.267 

12.96% 1 0.714 0.286 

115.56% 0.289 0 0.289 

110.09% 0.311 0 0.311 

105.41% 0.333 0 0.333 

102.45% 0.356 0 0.356 

99.39% 0.378 0 0.378 

97.86% 0.4 0 0.4 

96.64% 0.422 0 0.422 

24.88% 1 0.571 0.429 

94.38% 0.444 0 0.444 

91.96% 0.467 0 0.467 

90.56% 0.489 0 0.489 

87.84% 0.511 0 0.511 

85.12% 0.533 0 0.533 

83.70% 0.556 0 0.556 

34.06% 1 0.429 0.571 

82.61% 0.578 0 0.578 

81.13% 0.6 0 0.6 

79.99% 0.622 0 0.622 

79.21% 0.644 0 0.644 

78.64% 0.667 0 0.667 

78.16% 0.689 0 0.689 

77.00% 0.711 0 0.711 

36.39% 1 0.286 0.714 

75.64% 0.733 0 0.733 

74.07% 0.756 0 0.756 

68.96% 0.778 0 0.778 

48.62% 0.933 0.143 0.79 
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64.84% 0.8 0 0.8 

46.79% 0.956 0.143 0.813 

62.87% 0.822 0 0.822 

41.99% 0.978 0.143 0.835 

60.67% 0.844 0 0.844 

38.23% 1 0.143 0.857 

59.29% 0.867 0 0.867 

55.59% 0.889 0 0.889 

51.46% 0.911 0 0.911 

49.43% 0.933 0 0.933 

Supplementary Table 10-11: Percentage cut-off values and Youden’s J statistic for average 
step counts in predicting disease-free 1-year survival 

 

 

 ASC (cut-off = 49.43%) MSC (cut-off = 44.2%) 

Sensitivity 100% 83% 

Specificity 93% 90% 

Positive predictive value 70% 71% 

Negative predictive value 86% 98% 

Supplementary Table 10-12: Diagnostic value of ASC and MSC at 3 months using optimal 
sensitivity and specificity pairings to predict overall survival at the end of 1-year post RC. 
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II. Figures 

 

Supplementary Figure 10-1: Histogram representing all-step-count collected from patients 
at the baseline timepoint. 

 

 

Supplementary Figure 10-2: Histogram representing all-step-count collected from patients 
at the 5-day post-op timepoint. 
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Supplementary Figure 10-3: Histogram representing all-step-count collected from patients 
at the 5 weeks timepoint. 

 

 

Supplementary Figure 10-4: Histogram representing all-step-count collected from patients 
at the 3 months timepoint. 
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Supplementary Figure 10-5: Histogram representing all-step-count collected from patients 
pooled from all timepoints. 
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Supplementary Figure 10-6: Kaplan Meier Survival curves during the first year of follow-up 
for (a) average steps and (b) maximum steps recovery with optimal thresholds for highest 
sensitivity and specificity pairing by 3 months. 


