
Assessing the risk of incident hypertension and chronic kidney 
disease after exposure to shockwave lithotripsy and 
ureteroscopy

Michelle R. Denburg, MD, MSCE [Assistant Professor of Pediatrics],
The Children’s Hospital of Philadelphia, Perelman School of Medicine at the University of 
Pennsylvania, 34th Street and Civic Center Blvd, Philadelphia, PA 19104

Thomas Jemielita, MS,
Center for Clinical Epidemiology and Biostatistics, Perelman School of Medicine at the University 
of Pennsylvania

Gregory Tasian, MD, MSc, MSCE [Assistant Professor of Surgery in Urology],
Center for Pediatric Clinical Effectiveness, The Children’s Hospital of Philadelphia, Perelman 
School of Medicine at the University of Pennsylvania

Kevin Haynes, PharmD, MSCE [Senior Research Investigator, Adjunct Assistant 
Professor],
Center for Clinical Epidemiology and Biostatistics

Phillip Mucksavage, MD [Assistant Professor of Clinical Urology in Surgery],
Perelman School of Medicine at the University of Pennsylvania

Justine Shults, PhD [Associate Professor of Biostatistics], and
The Children’s Hospital of Philadelphia, Perelman School of Medicine at the University of 
Pennsylvania, Center for Clinical Epidemiology and Biostatistics

Lawrence Copelovitch, MD [Assistant Professor of Pediatrics]
The Children’s Hospital of Philadelphia, Perelman School of Medicine at the University of 
Pennsylvania

Abstract

In this study we sought to determine if among individuals with urolithiasis, extracorporeal shock 

wave lithotripsy (SWL) and ureteroscopy are associated with a higher risk of incident arterial 

hypertension (HTN) and/or chronic kidney disease (CKD). This was measured in a population-

based retrospective study of 11,570 participants with incident urolithiasis and 127,464 without 

urolithiasis in The Health Improvement Network. Patients with pre-existing HTN and CKD were 

excluded. The study included 1319 and 919 urolithiasis patients with at least one SWL or URS 

procedure, respectively. Multivariable Cox regression was used to estimate the hazard ratio for 
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incident CKD stage 3–5 and HTN in separate analyses. Over a median of 3.7 and 4.1 years, 1423 

and 595 of urolithiasis participants developed HTN and CKD, respectively. Urolithiasis was 

associated with a significant hazard ratio each for HTN of 1.42 (95% CI: 1.35, 1.51) and for CKD 

of 1.82 (1.67, 1.98). SWL was associated with a significant increased risk of HTN 1.34 (1.15, 

1.57), while ureteroscopy was not. When further stratified as SWL to the kidney or ureter, only 

SWL to the kidney was significantly and independently associated with HTN 1.40 (1.19, 1.66). 

Neither SWL nor ureteroscopy was associated with incident CKD. Since urolithiasis itself was 

associated with a hazard ratio of 1.42 for HTN, an individual who undergoes SWL to the kidney 

can be expected to have a significantly increased hazard ratio for HTN of 1.96 (1.67, 2.29) 

compared to an individual without urolithiasis.
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INTRODUCTION

Several studies have demonstrated that urolithiasis is associated with increased morbidity 

and mortality, including a higher risk of cardiovascular events,1 hypertension,2,3 chronic 

kidney disease (CKD),4 and fractures.5 The mechanisms by which urolithiasis might be 

either associated with or cause hypertension remain unclear. Altered nephron physiology 

predisposing to both renal calculi and hypertension, higher sodium intake amongst both 

stone formers and hypertensive individuals, direct renal injury from urologic interventions, 

and increased prevalence of metabolic syndrome, gout, or CKD in both populations have 

been proposed.6 Similarly, the possible mechanisms which might account for the increased 

risk of CKD associated with urolithiasis include: renal parenchymal crystal deposition;7 

prolonged and repeated episodes of obstruction; direct damage from urologic interventions; 

recurrent episodes of pyelonephritis; or undiagnosed, purportedly rare inherited conditions 

such as cystinuria, Dent disease, or primary hyperoxaluria.

Historically, ureteric and renal calculi were managed by open surgical techniques. Currently, 

extracorporeal shock wave lithotripsy (SWL) and ureteroscopy (URS) account for more than 

90% of these procedures.8–10 Although SWL was initially thought to be harmless to the 

kidney,11,12 subsequent animal models have demonstrated that the shock waves cause 

alterations in renal hemodynamics with resultant ischemic injury to the renal tubules and 

microvasculature.13 There have also been several clinical reports of acute kidney injury,14 

hypertension,15,16 renal morphological changes,17 increased urinary inflammatory 

cytokines,18 and transient elevation of urinary enzymes, such as N-acetyl-β-

glucosaminidase.19

To date there have not been any large epidemiological studies or randomized trials which 

have assessed the risk of developing CKD or hypertension after SWL or URS treatments. As 

a result, considerable controversy exists about whether SWL-induced acute changes 

ultimately result in CKD or long-term hypertension. Most studies suggest that SWL does not 

result in decreased glomerular filtration rate (GFR).20,21 Studies regarding SWL-associated 

Denburg et al. Page 2

Kidney Int. Author manuscript; available in PMC 2016 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hypertension have become a matter of debate as there are conflicting data.15,22–25 These 

studies were generally comprised of small cohorts of fewer than several hundred patients 

with short follow-up times and relied on surveys or self-reports.12,15,20,22–26 Long-term 

outcome data on the risk of developing hypertension or CKD after URS is lacking.

The Health Improvement Network (THIN) database has been used to study 

hypertension,27–31 CKD,32–34 and urolithiasis.5 The objectives of this large population-

based cohort study were to determine if among individuals with urolithiasis, SWL is 

associated with a higher risk of incident hypertension and/or CKD, defined by GFR, if the 

location of the SWL (kidney versus ureter) impacted these associations, and if URS is 

associated with a higher risk of incident hypertension and/or CKD.

RESULTS

Cohort Characteristics

Our cohort comprised 11,570 participants with incident urolithiasis and 127,464 unexposed 

participants, matched on age, gender, and practice, all of whom at the start of observation 

had not been diagnosed with hypertension or proteinuria or had a serum creatinine measure 

consistent with an estimated GFR <60 m/min/1.73m2. 2787 (24%) of the participants with 

urolithiasis had at least one intervention; SWL and particularly SWL to the kidney were the 

most common, performed in 47% and 39% of those who had an intervention, respectively 

(Figure 1). The baseline characteristics of the cohort are shown in Table 1. As expected 

based on the established epidemiology of urolithiasis,35 there were twice as many men with 

urolithiasis than women. Also as anticipated and as demonstrated in our prior study,5 

diabetes mellitus, gout, and obesity were all more prevalent among the urolithiasis 

population. 1319 and 919 of the participants with urolithiasis had at least one SWL or URS 

procedure, respectively. The gender distribution and prevalence of diabetes, gout and obesity 

in participants who had SWL, URS, both, or neither did not differ, but age distribution did (p 

<0.001). Among the participants who had SWL, age and prevalence of diabetes, obesity, and 

gout in those who had SWL to the kidney, ureter, or both did not differ. The proportion of 

males having SWL to the ureter was greater (p = 0.003). The median calendar year for start 

of observation was 2006 [inter-quartile range (IQR) 2002–2009].

Incidence of Hypertension

Over a median observation period for ascertainment of incident hypertension of 3.7 (IQR 

1.6–6.8) and 3.6 (IQR 1.5–6.7) years in participants with and without urolithiasis, 

respectively, 1423 (12.3%) of those with urolithiasis and 10,934 (8.6%) of unexposed 

participants developed hypertension. Median age at start of observation was 53 years among 

participants with urolithiasis who developed hypertension, and 71.8% were male, 6.9% had 

diabetes, and 2.8% had gout. Median age was 56 years among participants without 

urolithiasis who developed hypertension, and 69.0% were male, 5.3% had diabetes, and 

3.3% had gout. Median time to development of hypertension was 3.1 years (IQR 1.4–5.6), 

and only 43 individuals (0.03%) had their initial code for hypertension on the same date as 

their start of observation. Of the 49 diagnosis codes for incident hypertension among these 

participants, the five most frequently used, accounting for 87%, were: "G20..00: Essential 
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hypertension" (47%), “662..12: Hypertension monitoring” (17%), “G2…00: Hypertensive 

disease” (14%), “662P.00: Hypertension monitoring” (6%), “G20..11: High blood pressure” 

(3%). In multivariable cox regression adjusted for age, gender, diabetes, gout, and calendar 

time, urolithiasis was associated with an increased risk of hypertension (HR 1.42; 95% CI: 

1.35, 1.51; p < 0.001).

In multivariate analysis among the participants with urolithiasis, adjusted for gender, age, 

diabetes, gout, and calendar year, exposure to SWL was associated with a significantly 

increased risk of hypertension (HR 1.34; 95% CI: 1.15, 1.57; p <0.001). As shown in Table 

2, when SWL procedures were further stratified by site as SWL to the kidney or ureter, only 

SWL to the kidney was independently associated with incident hypertension with a HR of 

1.40 (95% CI: 1.19, 1.66; p <0.001), as compared to all other urolithiasis participants. The 

median times from SWL to the kidney, SWL to the ureter, and ureteroscopy to development 

of incident hypertension were 3.3 years (IQR 1.5–5.2), 3.7 (IQR 1.4–7.0), and 2.8 (1.0–4.7), 

respectively. SWL to the ureter and URS were not associated not with incident hypertension. 

Model 4 in Table 2 violated proportional hazards. However, when the model was fit 

stratified by age at start of observation, the proportional hazards assumption was no longer 

violated. We then fit model 4 with the addition of a linear time-varying covariate for age, 

which yielded the same HR for SWL to the kidney of 1.40 (p <0.001), indicating that this 

HR is robust to violation of proportional hazards. Additional adjustment for percutaneous, 

open and indeterminate procedures did not attenuate the HR of 1.40 (p <0.001) for SWL 

kidney, and none of these procedures were associated themselves with hypertension. 

Specifically for percutaneous procedures which were not infrequent, the HR was 1.12 (95% 

CI: 0.91–1.36; p = 0.28). Although overall SWL to the ureter was not associated with 

hypertension, there was a statistically significant interaction with age (p = 0.003); SWL to 

the ureter was associated with a HR of 2.91 (95% CI: 1.55, 5.48; p = 0.001) in participants 

<40 years of age, but not in older participants. However, this only represents 11 individuals 

of the 87 exposed to SWL to the ureter in this age group. An interaction with age was not 

observed for SWL to the kidney or URS. Figure 2 shows the cumulative hazard for 

hypertension among the urolithiasis population according to their procedure exposure and 

illustrates how undergoing SWL to the kidney, relative to other procedures (or no 

procedure), increases the cumulative hazard for incident hypertension. Given that urolithiasis 

itself was associated with a HR of 1.42 for hypertension, we performed additional 

multivariable cox regression analysis within the full cohort to demonstrate that an individual 

who undergoes SWL to the kidney can be expected to have a HR for incident hypertension 

of 1.96 (95% CI: 1.67, 2.29; p <0.001) as compared to an individual without urolithiasis (see 

Supplementary material for details of analysis). We performed additional analyses 

investigating dose response. We required that there be >14 days between procedure codes to 

be considered discrete events. Among participants who had SWL to the kidney, 69.5%, 

18.9%, and 11.6% had 1, 2, and ≥3 procedures, respectively. Treating SWL to the kidney as 

a time-varying categorical exposure and adjusted for gender, age, diabetes, gout, calendar 

year, SWL to the ureter, and URS, the HR for 1, 2, and ≥3 SWL procedures to the kidney 

was 1.33 (95% CI: 1.09, 1.63), 1.47 (95% CI: 1.03, 2.11), and 1.74 (95% CI: 1.15, 2.64), 

respectively. Only 14.0% and 5.9% of participants who underwent SWL to the ureter and 
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URS had >1 of these procedures, respectively, but the number of SWL ureter and URS 

procedures did not influence the risk of hypertension.

In a sensitivity analysis among participants with urolithiasis who had BMI data (n = 4387), 

additional adjustment for obesity in addition to gender, age, diabetes, gout, and calendar 

time only strengthened model findings. Obesity was associated with a two-fold increased 

risk of hypertension (HR 2.07; p <0.001), and SWL to the kidney remained independently 

associated with hypertension (HR of 1.55, 95% CI: 1.17, 2.05; p = 0.002), while SWL to the 

ureter and URS were not.

Incidence of CKD

Over a median observation period for ascertainment of incident CKD of 4.1 (IQR 1.8–7.3) 

and 3.9 (IQR 1.7–7.1) years in participants with and without urolithiasis, respectively, 595 

(5.1%) of those with urolithiasis and 3814 (3.0%) of those without urolithiasis developed 

CKD. Median age at start of observation was 62 years among participants with urolithiasis 

who developed CKD, and 58.7% were male, 11.6% had diabetes, and 5.0% had gout. 

Median age was 66 years among participants without urolithiasis who developed CKD, and 

56.5% were male, 7.4% had diabetes, and 3.7% had gout. In multivariable cox regression 

adjusted for age, gender, diabetes, gout, and calendar time, urolithiasis was associated with a 

HR of 1.82 (95% CI: 1.67, 1.98; p <0.001). In multivariate analysis among the participants 

with urolithiasis, adjusted for gender, age, diabetes, gout, and calendar time, SWL was not 

associated with incident CKD (HR 1.01, 95% CI: 0.79, 1.29; p = 0.95). There was no 

association of SWL with CKD when stratified by SWL site (Table 3). Adjusted for gender, 

age, diabetes, gout, calendar time, and SWL, URS was associated with a borderline 

significant lower risk of CKD (HR 0.70, 95% CI: 0.49, 1.00; p = 0.05); however, given the 

multiple different regression models, this finding may be spurious. The median times from 

SWL to the kidney, SWL to the ureter, and ureteroscopy to development of incident CKD 

were 4.1 (IQR 2.2–6.9), 4.4 (IQR 2.2–6.6), and 3.9 (IQR 2.2–6.6), respectively. There were 

no interactions of procedures with age. There was no association of SWL with CKD after 

additional adjustment for obesity in the subset of the cohort with BMI data.

DISCUSSION

The increased awareness that urolithiasis is associated with both a greater risk of developing 

CKD and hypertension requires a thoughtful inquiry into our current treatment modalities. 

Our study is the first large epidemiological study to examine the association of SWL and 

URS with the risk of incident CKD and hypertension as compared to an untreated 

urolithiasis population. Our initial findings revealed that SWL was associated with a 34% 

higher risk of incident hypertension. Closer inspection revealed that this association was 

driven by those who received SWL to the kidney (40% higher risk). Importantly, given the 

42% higher risk of hypertension associated with having urolithiasis, an individual who 

undergoes SWL to the kidney can be expected to have a two-fold greater risk of incident 

hypertension (HR 1.96) as compared to an individual without urolithiasis. Given that the 

proportion of individuals who developed hypertension after exposure to SWL to the kidney 

was 15% as compared to 12% of those with urolithiasis who did not undergo SWL to the 
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kidney, the number needed to harm was 33. Overall, SWL to the ureter and URS were not 

associated with this increased risk of hypertension, though we did observe a three-fold 

greater risk associated with SWL to the ureter in participants <40 years of age. Furthermore, 

neither SWL procedure (kidney or ureter) nor URS was associated with an increased risk of 

developing CKD at an average of 4 years of follow-up.

Our study has several strengths that clarify discrepant findings from prior studies and 

conclusively confirm the association between SWL to the kidney and development of 

hypertension. The robust size of the THIN database allowed us to compare nearly 9000 

patients with urolithiasis who had never had SWL or URS with more than 2300 patients who 

had at least one of these procedures. We were able to validate the generalizability of our 

urolithiasis population by comparing 11,570 individuals with incident urolithiasis, without 

preexisting hypertension, CKD, or proteinuria, to 127,464 unexposed participants who were 

matched on age, sex, and practice. Our results are strikingly similar to those of Alexander et 

al from the Alberta Kidney Disease Network database.4 These authors observed an increased 

risk of new onset CKD stage 3b-5 (HR 1.74, 95% CI: 1.61–1.88) in patients who had at least 

one kidney stone, but they did not have data on procedural exposures. We observed a highly 

similar increased hazard of incident CKD stage 3–5 (HR 1.82, 95% CI: 1.67, 1.98).

Currently, the overwhelmingly preferred surgical treatment options for the treatment of 

upper urinary tract calculi are SWL and URS. SWL came into widespread use after the 

introduction of the lithotripter in the 1980s.36 The use of URS has also dramatically 

increased over the last 30 years.10,36 Until recently, SWL has been the preferred treatment 

for proximal ureteral calculi and stones confined to the kidney, while URS has been the 

preferred surgical option for patients with distal and mid-ureteral calculi and for comorbid 

conditions such as morbid obesity, cardiac pacemaker, pregnancy, or anticoagulation 

therapy. With recent improvements in ureteroscope size and flexibility, an increasing number 

of urologists are now using URS instead of SWL for the treatment of both intra-renal and 

proximal ureteric stones.8,10

Importantly, 24% of individuals with urolithiasis in our study underwent at least one surgical 

procedure, and 11% of individuals with urolithiasis overall were treated with SWL. 

Although there is tremendous regional variability, these figures seem plausible given that 

analysis of Medicare Public Use files in the United States between the years 2001–2010 

showed that approximately 38% of all urolithiasis patients underwent surgical treatment, and 

15% overall underwent SWL.37 Data from the Hospital Episode Statistics, a database 

containing details on National Health Service activity, showed that in 2006 approximately 

28,619 stone procedures were performed in the United Kingdom (UK).10 Approximately, 

65.3% of those were SWL, and 31.9% URS. Our study shows similar findings in that of the 

2787 individuals who had procedures 80% had either SWL or URS (47.3% SWL and 33.0% 

URS). Turney et al10 also noted that between 2000 and 2010, there was a 63% increase in 

hospitalizations for upper urinary tract stones, with a concomitant 55% increase in the use of 

SWL. Interestingly, there was an increase of 127% in URS and 83% reduction in open 

surgeries, confirming the relative increased use of URS over time. Given that the median 

calendar year in our study was 2006 (range 1994–2012), the slight differences we observed 

in the number of those who underwent surgical treatments as compared to the 2006 data 
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from the Hospital Episode Statistics likely reflects the shifting practice patterns over time 

given that some of our participants extend back to 1994.

The association between SWL and incident hypertension remains highly debated. A 

prospective randomized trial of patients with small asymptomatic calculi and at least one 

annual follow-up blood pressure measurement found no significant difference in the rate of 

newly diagnosed hypertension between the 99 patients in the SWL group (11%) and the 93 

untreated patients (7%, p = 0.35) at a mean follow up of 2.2 years.22 A registry-based 

retrospective study of incident urolithiasis patients without pre-existing hypertension 

comparing 400 patients who underwent SWL with 4382 who did not found no significant 

association with incident hypertension at a mean follow-up of 6 years.24 The lack of 

association may have been due to a comparatively small sample size, and it is unknown what 

proportion of the 400 patients received only SWL to the ureter. In contrast, a questionnaire-

based retrospective study of 1892 patients who had previously undergone SWL found a 

significantly increased risk of developing de novo hypertension as compared to matched 

NHANES controls (37.8% vs. 32.5%, p = 0.0009) at a mean follow-up of 6 years.15 The 

major limitations were the reliance on patient report for hypertension diagnosis and the low 

response rate (27%) to the mailed questionnaire.

To our knowledge, there have been only two studies which have attempted to distinguish the 

effect of SWL treatment by anatomic location. A retrospective study comparing 772 patients 

who underwent SWL to the kidney and 505 who underwent SWL for a ureteral stone found 

no difference in incident hypertension.25 The diagnosis of hypertension in this study was 

based on patient report, and only 30.2% of patients who underwent SWL during the study 

period agreed to participate. A prospective study of 925 patients undergoing SWL with at 

least 3 months of follow-up noted an increase in diastolic blood pressure of more than 10 

mmHg in 5% of those who received SWL to the kidney and upper ureter and only 2.8% of 

those who received SWL to the middle and lower ureter, but this difference was not 

statistically significant.26 The short follow-up and relatively small numbers of patients make 

these results difficult to interpret.

Although most of the prior literature, consistent with our findings, indicates that SWL does 

not result in permanently reduced GFR, the data is scant, and long-term follow-up 

lacking.20,21 A prospective study of 100 patients with a measured GFR at baseline who 

underwent SWL demonstrated no difference in total GFR or split renal function by repeat 

nuclear scintigraphy at a mean follow-up of 43 months.20 Another small study followed 35 

children who underwent SWL for a mean of 33 months and found no long-term changes in 

measured GFR or morphological changes as measured by ultrasound.21 Given that most 

patients undergo unilateral SWL, it is perhaps unsurprising that a majority of patients do not 

demonstrate any abnormalities in their serum creatinine, as one unaffected kidney would 

generally be expected to maintain a normal GFR.

Our study has several limitations. The THIN database does not include data on race, and 

only a subset of the participants had BMI data. Importantly, in the subset of the cohort that 

did have a BMI recorded, there were no differences in the prevalence of obesity between the 

SWL and URS groups. Furthermore, although BMI data was limited, the HR for incident 
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hypertension associated with SWL to the kidney was strengthened by adjustment for BMI in 

this subset, as expected given that obese individuals are less likely to undergo SWL and 

more likely to develop hypertension. THIN data is documented by the general practitioner 

and is thus reliant on this individual to accurately enter information from specialists, such as 

urologists, for our secondary utilization of this data. However, such inaccuracies would be 

unlikely to create systematic bias. Given that the exposures of SWL to the kidney, SWL to 

the ureter, and URS were based on Read codes, there was potential for misclassification; 

however, the face validity of the codes is excellent (see Supplementary Table 1). We were 

unable to account for urolithiasis burden as it was unclear that each Read code for 

urolithiasis was an independent event. While it is possible that the individuals who 

contributed time only as unexposed to any procedure may have had less severe urolithiasis, it 

should be noted that exposure to SWL to the kidney was associated with incident 

hypertension, while exposure to SWL to the ureter, URS, open and percutaneous procedures 

were not. If the severity of urolithiasis was driving the association with hypertension, one 

would expect that URS, and certainly percutaneous, procedures would also be associated 

with hypertension. Similarly, the number of SWL or URS procedures could not be reliably 

determined. Finally, information pertaining to the generation and brand of lithotripter was 

not available, but given the observation period it is most likely that the vast majority of 

participants were exposed to third generation lithotripters. Further, we did not have 

information on the number or intensity of shocks delivered with an SWL procedure.

Given the biological plausibility that SWL to the kidney results in significant parenchymal 

injury coupled with our findings, we recommend judicious use of SWL if a stone is 

asymptomatic or URS is a viable option. Although the association between hypertension and 

urolithiasis is likely multifactorial, SWL to the kidney seems to be an independent risk 

factor. Given that urolithiasis is itself associated with an increased risk of hypertension, it is 

imperative that practitioners who care for patients who have previously undergone SWL to 

the kidney be made aware of this further augmented risk of hypertension (two-fold higher) 

as compared to the general population.

METHODS

Study Design/Data Source

We conducted a population-based retrospective cohort study using THIN. THIN provides 

de-identified data from the electronic medical records of 553 general practices in the United 

Kingdom, including demographics, diagnoses, prescriptions, procedures and select 

laboratory measures, and comprises data from >10 million people.38 Medical diagnoses and 

procedures are recorded using Read codes, the standard classification system in the UK.39 

The January 2012 version of the database was used. The study adhered to the Declaration of 

Helsinki, was approved by the THIN Scientific Review Committee, and determined by the 

Institutional Review Board of the University of Pennsylvania to meet eligibility criteria for 

IRB exemption authorized by 45 CFR 46.101, category 4.

Denburg et al. Page 8

Kidney Int. Author manuscript; available in PMC 2016 July 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Study Population

Using THIN, we recently published a study of incident fracture risk associated with 

urolithiasis across the lifespan in which we compared >50,000 participants with prevalent 

and incident diagnoses of urolithiasis to >500,000 participants without urolithiasis who were 

matched 10:1 on age (3-year age groups up to 30 years and 5-year age groups thereafter), 

sex and practice.5 Participants who only had codes for renal colic, bladder/lower urinary 

tract calculi (presumed infectious), infectious calculi, hypercalciuria, or nephrocalcinosis 

were excluded. The analysis described herein was limited to the 16,758 incident urolithiasis 

participants, and their 167,361 matched unexposed participants, who were 18 years of age or 

older at the start of the observation period. To be considered incident urolithiasis, a 

participant had to be registered with his/her practice for 6 months, and the practice using the 

Vision software as the electronic medical record, prior to or at the time of the initial Read 

code for urolithiasis. Requiring that the diagnosis occur after 6 months of registration and 

use of Vision software is standard practice for ascertainment of incident diagnoses in 

THIN.40 We chose to limit the current population to incident urolithiasis to mitigate against 

misclassification of historical procedures in prevalent participants and to strengthen the 

causal inference of any associations. As in our prior study, data on participants 90 years of 

age or older was excluded. We further excluded participants with an eGFR <60 ml/min/

1.73m2, diagnosis of hypertension, or diagnosis of proteinuria (based on Read codes) prior 

to the start of the observation period, so the study population included 11,570 adult 

participants with incident urolithiasis and 127,464 participants without urolithiasis (Figure 

1). Interventions for urolithiasis (Supplementary Table 1) were categorized as: SWL, URS, 

percutaneous, open, or indeterminate (for eight codes for which percutaneous versus URS 

could not be distinguished). SWL was also further categorized as SWL to the kidney or 

SWL to the ureter.

Outcome Ascertainment

The start of the observation period for participants with urolithiasis was the date of their first 

entry of a urolithiasis code. The observation period for unexposed participants started on the 

same date as that of their matched exposed participant. The observation period ended with 

the earliest of the following: last collection date for the practice, or when applicable, transfer 

out of the practice, death, or initial outcome event. Given the retrospective observational 

nature of this medical records database, participants are not recruited for participation. 

Transfer out of a given practice is a routine occurrence, and the reasons for transferring out 

of a practice are unknown, but are likely non-differential. Incident hypertension was 

identified using consistent Read diagnostic codes. In accordance with the National Kidney 

Foundation’s Kidney Disease Outcomes Quality Initiative clinical practice guidelines, 

adopted in the UK,41,42 and our prior validation work in THIN,33 moderate to severe CKD 

(stages 3–5) was defined as an eGFR <60 ml/min/1.73m2 on at least two occasions, more 

than 90 days apart. eGFR was calculated from serum creatinine measures using to the 

Modification of Diet in Renal Disease (MDRD) formula.43 There were 823,811 measures of 

serum creatinine available for the individuals in our cohort, a very small proportion of which 

(0.09%) were excluded, as in our prior validation study,33 for ambiguous or infrequently 

used units of measure or implausible values (<20 or >1800 umol/L).
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Analysis

Descriptive statistics were reported as median and inter-quartile range (IQR) for continuous 

variables and frequencies for categorical variables. Group differences were assessed using 

the Kruskal-Wallis and chi-square test for continuous and categorical variables, respectively. 

Cox proportional hazards regression in the full cohort was used to assess the association 

between urolithiasis and outcomes of CKD and hypertension in separate analyses. Cox 

proportional hazards regression among the urolithiasis population was used to assess the 

association between the interventions of SWL and URS as time-varying exposures and the 

outcomes of CKD and hypertension in separate analyses. Thus, exposure pertained to time 

rather than an individual. An individual who underwent either procedure would be 

considered unexposed prior to their first code for that procedure and exposed thereafter, 

contributing time as both unexposed and exposed to that procedure. An individual who 

underwent both procedures would therefore, contribute exposure time to both covariates 

based on the timing of the respective procedure. For example, an individual who had four 

years of observation time and had a code for SWL one year after start of observation and a 

subsequent code for URS two years after start of observation, would contribute one year of 

time unexposed to any procedure, three years of exposure time to SWL, and two years of 

exposure time to URS. Multivariable cox regression analysis was used to assess confounding 

by covariates of age, gender, diabetes mellitus, obesity, and gout. Covariate exposure was 

defined as having a consistent Read code recorded by the start of observation. Data on body 

mass index (BMI) within two years prior to start of observation was available in a subset of 

the cohort, among whom sensitivity analyses were performed adjusting for the covariate of 

obesity (BMI ≥30 kg/m2). Final models were also adjusted for time-varying covariate 

exposure to other procedures (percutaneous, open, and indeterminate). Multiplicative 

interactions of SWL and URS with age at start of observation were assessed. A two-sided p 

value of <0.05 was considered statistically significant. Analyses were performed using 

STATA 13.0 (Stata Corporation, College Station, TX). Violation of proportional hazards was 

tested through the estat phtest command in STATA. A cumulative hazard figure for 

hypertension was generated with the stcurve command, using the estimates from the final 

multivariable model.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Participant flow diagram.
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Figure 2. 
Cumulative hazard for incident hypertension according to time-varying procedure exposure.
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