




ABSTRACT
Introduction – Pediatric nephrolithiasis has become an increasing public health concern with an increasing incidence of about 4% per year for the past 25 years. No method currently exists for predicting which young child with a renal or ureteral stone will require surgery as opposed to pass the stone. Our goals were to analyze practice patterns at a major pediatric center and to identify factors that predicted spontaneous stone passage, and more, to utilize those factors in generating a model that could assist clinicians with identifying those patients who would likely pass their stone and therefore could undergo watchful waiting.

Methods – A retrospective review of all pre-pubertal patients (≤ 11 years old) presenting to our institution from January 2005-July 2014 with clinically stable, non-septic nephrolithiasis was performed after IRB approval was obtained. No patients received medical expulsive therapy. Possible independent predictors evaluated included age, gender, BMI, symptomatic presentation, degree of hydronephrosis, stone size, and stone location. Spontaneous stone passage was determined by parental report and or stone absence on imaging obtained within 6 months after initial diagnosis. 

Results – A total of 119 eligible patients were included in the study, with an average age of 88.7 months (4-143). Forty eight (40.3%) patients spontaneously passed their stone and the remaining 59.7% required endoscopic intervention. Stone size was unequivocally the most important independent predictor of stone passage. Interestingly, stone location was significant when analyzed alone (OR 3.1, 95% CI 1.38-6.93, p-value 0.007) but was then less significant when controlling for stone size (p-value 0.068). The logistic model and prediction equation that was subsequently generated had good discrimination (c-statistic = 0.85) and very high calibration (p ≥ 0.93). The average size of spontaneously passed stones was 3.5 mm (range 2-8 mm) for renal and 3.4 mm (range 1-7 mm) for ureteral stones.  Age, gender, BMI percentile per CDC definition, symptomatic presentation, and degree of hydronephrosis did not significantly affect stone passage.

Conclusion – In pre-pubertal patients, stone size and stone location are independent predictors of spontaneous stone passage. Our model allows clinicians to identify those patients in whom watchful waiting is a reasonable option – generally, those with ureteral stones 3.5 mm in size or less. 
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1.0  Introduction

According to the Pediatric Health Information System (PHIS) database, pediatric nephrolithiasis has become an increasingly important public health concern with an increasing incidence of about 4% per year for the past 25 years1,2. Per the study, it accounts for 1 in 685 pediatric hospitalizations (prevalence ratio of 2.4 per 100,000), and an increase of 1.5 to 11.1-fold compared to prior studies1. The authors also note that many children were treated at non-pediatric hospital facilities and, therefore, their analysis likely underestimated the true stone burden among children. More than half of the patients in this population-based study were younger than 12 years of age and indeed a majority (33%) presented between 8-12 years of age.

The decision regarding conservative management versus surgical intervention is critical both for the physician as well as for parental counselling. Compared to older patients, it is difficult to follow symptomatic small-sized stones in these patients since worsening symptoms are difficult to assess especially in non-verbal patients. Use of tamsulosin as medical expulsive therapy is only Food and Drug administration (FDA) approved for adult patients but many clinicians are comfortable using alpha blockers to augment stone passage in larger, adolescent children3.  The recent PHIS study revealed an increasing incremental use of tamsulosin from 0.47% to 8.2% during 2004-20071. However, the youngest patients, who compose the pre-pubertal age group, pose a unique challenge regarding the management of small-sized nephrolithiasis because the concern for developmental side effects and lack of efficacy data in this cohort make it difficult to recommend alpha blocker therapy. Unfortunately, in the absence of medical or surgical intervention, the natural history of symptomatic nephrolithiasis in the pre-pubertal age group is unclear.  

Based on prior research in adults, we hypothesize that stone size and location will remain significant independent predictors of stone passage in prepubertal children. More importantly, we aim to go one step further, that is, to generate a prediction equation that can be used to predict for an individual patient whether their stone will pass spontaneously within 6 months or that they will ultimately require surgery.  

2.0  Methods
Institutional Review Board (IRB) approval was obtained for the retrospective review of 126 pre-pubertal patients (≤ 11years) presenting to our institution from January 2005 – July 2014 with urinary lithiasis. Patients who were septic or clinically unstable were excluded as they were immediately offered surgery in line with best practice guidelines. Seven patients were excluded for an anatomic abnormality such as ureteropelvic junction obstruction (UPJO) leaving 119 pre-pubertal patients available for review. No patients had a history of neurogenic or augmented bladder.

Age at initial presentation was reviewed to capture all the patients in the pre-pubertal age group. Demographic data including age, gender, BMI (body mass index), and length of follow-up was summarized. BMI percentile was obtained using the Centers for Disease Control (CDC) charts for age versus BMI in males and females. Patients were then categorized as normal weight or overweight/obese based on the CDC delineated cutoffs: less than 85th percentile (normal weight), 85th to 95th percentile (overweight), and greater than 95th percentile (obese).  

Stone details including anatomic location (renal versus ureteral), size in millimeters, degree of hydronephrosis, and clinical presentation (symptomatic versus asymptomatic) were reviewed. For symptomatic patients, spontaneous stone passage was determined by parental report of visible stone passage and/or stone absence on imaging obtained 6 months after initial diagnosis. For patients who were not symptomatic at presentation, passage was exclusively confirmed by imaging. In situations where patients presented with multiple stones, data was collected for the most distal stone. Long-term follow-up imaging was performed at the discretion of the physician with renal and bladder ultrasound. No patient received medical expulsive therapy with an alpha blocker. Failure was defined as lack of stone passage by 6 months at which point surgery was offered and a decision was made to proceed only after a discussion of parental preference. Some patients were referred from an outside hospital with a diagnosis of urolithiasis either with an ultrasound or computerized tomography.

Statistical analysis including Fisher’s exact test, rank-sum test, and multivariate logistic regression of patient demographics and stone characteristics was performed using the STATA version 13 software package. Rigorous model validation is reported using graphs of the predicted values for passage against actual data, likelihood ratios, and Wald test. Goodness-of-fit, or calibration, is established through the Hosmer and Lemeshow test. Discrimination was assessed using receiver operating characteristic curve analysis. An alpha level of 0.05 was considered to indicate statistical significance. 
3.0  Results

The study contained 119 patients with an average follow up of 62.8 months. The case group consisted of 48 patients (40%) who passed their stone spontaneously during that time and are the focus of this study (Table 1). These patients were compared to the 71 patients in the comparison group who did not pass their stones within the 6 month follow-up and ultimately required surgical intervention. None of the patients received medical expulsive therapy (MET).  The average age of the patients was 88.7 months (4-143).

Of those who passed a stone, twenty eight were male (male-to-female ratio 1.4:1), and 41.7% were overweight or obese by the criteria outlined by the Centers for Disease Control and Prevention (CDC). Many patients were referred to our institution with a diagnosis of nephrolithiasis and so nearly 71% presented with computed tomography (CT scan) performed prior to initial evaluation by the urology service. In cases where our institution saw the patient first, ultrasound was ordered initially. Twenty two (46%) patients were detected to have some degree of hydronephrosis. Symptomatic presentation, including flank pain and hematuria, was seen in 41 (85.4%) patients. There was no difference in passage rate for renal or ureteral stones based on symptomatic presentation (p-value 0.1765). 
	Table 1. Demographics Overall/Spontaneous Group

	Overall

Spontaneous

Patient Total

119

48

Gender ratio (M:F)

63:56 (1.13:1)

28:20: (1.4:1)

Average Follow-up in months (range)

62.8 (1-270)

40.1 (1-123)

Average Age in months (range)

88.7 (4-143)

89.8 (4-141)

% Overweight or Obese by CDC guidelines

35.7%

41.7%

No Hydronephrosis

47.9% (57)

54.2% (26)

SFU 1

24.4% (29)

29.2% (14)

SFU 2

15.6% (25)

14.6% (7)

SFU 3

5.04% (6)

0% (0)

SFU 4

1.58% (2)

2.08% (1)

Symptomatic Presentation

79.0% (94)

85.4% (41)

          Flank Pain

62.2% (74)

72.9% (35)

          Hematuria

39.5% (47)

45.8% (22)

Recurrence Rate

28.6% (34)

20.8% (10)

Modality of Diagnosis

          US

37.8% (45)

22.9% (11)

          CT

58.0% (69)

70.8% (34)

          KUB

4.20% (5)

6.25% (3)

SFU=Society for Fetal Urology Grading of Hydronephrosis; US=ultrasound; CT=Computed Tomography; KUB=Kidneys, Ureter, and Bladder X-ray




Of the 48 patients with spontaneous passage, 37 (77.1%) patients had ureteral stones compared to 11 (22.9%) who had renal stones.  The average stone size of patients in the renal spontaneous passage group was 3.5 mm (SD 1.86, range 2-8) compared to 3.4 mm (SD 1.57, range 1-7) in the ureteral group (Table 2). The overall passage rate was 40.3% with ureteral stones having a higher passage rate than renal stones (50.0% vs 24.4%, respectively). 

	Table 2. Characteristics of Renal versus Ureteral Stones for Spontaneous Passage (without MET)

	Renal

Ureteral

Stone Frequency

22.9% (11/48)

77.1% (37/48)

Stone Size in mm (standard deviation)

3.5 (1.86)

3.4 (1.57)




3.1 Predicting Passage

Prior to modeling, the data was verified and inspected for outliers. No outliers were clearly visible on boxplot (Appendix A.1.1). More objectively, we analyzed the data by assessing the leverage of each data point. Leverage is a statistical concept that looks at how much a data point would change the regression model if it were eliminated from the data set. This concept is reflected in a statistic called the hat diagonal element. Larger values, close to 1, indicate that there are data points that have a lot of influence, or leverage, on the model and therefore may be outliers. In our data set, no data point had a hat diagonal element greater than 0.30, which is acceptably low. Finally, we created a logistic model to predict passage rate based on stone size (OR 0.501, p-value <0.001) and location (OR2.516, p-value 0.068). From Table 3, we are able to isolate the following prediction equation where “P” is the probability of spontaneous stone passage: [image: image2.png]1.29 — 0.69 Stone Size (in mm) + 0.92 Stone Location





Stone size was a continuous variable measured in millimeters. Stone location was a binary variable, coded as either renal or ureteral. When taken alone, stone location was statistically significant (odds ratio 3.09, p-value 0.007) with ureteral stones being more likely to pass than renal stones. After controlling for stone size, however, stone location was no longer statistically significant (p-value 0.068) and in fact did not improve the logistic model when compared with stone size alone (likelihood ratio chi-squared p-value 0.068). Additionally, there was no significant interaction between location and stone size (p-value 0.657). While these values are not strictly statistically significant at the alpha level of 0.05, they trend toward a relationship between passage rate and stone location. This is most evident when analyzing Graph 1. Two important conclusions are seen in this graph. First, the graph shows the smooth, s-shaped curves expected of a clean and appropriate logistic regression model. Second, at any given stone size the probability of a ureteral stone passing is higher than that of a renal stone of the same size.
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	Figure 1. Logistic Model of Predicted Renal and Ureteral Stone Passage Plotted Against Actual Data.
The dots in the graph represent the actual “observed” data for each patient. If a patient passed the stone, they were given a probability of passage of 1, if not, then 0. The red line in the graph shows the model’s predicted probability of a renal stone passing for every stone size. The green line represents the model’s predicted probability of only ureteral stone passage across all stone sizes.


The equation above provides a probability that a stone will pass. Clinically, though, the stone completely passes or it doesn’t. Therefore, we can establish a “cutoff” probability where the model will make a binary prediction. The cutoff value that offers the highest sensitivity and specificity appears around 0.50 (Appendix A.1.2). Using this as a cutoff, this model that includes stone location due to its clinical relevance, correctly predicts 78.15% of the data with a sensitivity of 71% and a specificity of 83% (Table 3). Including age, gender, BMI by percentile, presentation (symptomatic vs asymptomatic) or degree of hydronephrosis did not improve the logistic model when comparing nested models (likelihood ratio chi-squared p-values of 0.118, 0.557, 0.935, 0.809, and 0.242 respectively). This model had good discrimination with a c-statistic of 0.85 (Appendix A.1.3) and high calibration (p ≥ 0.93) based on the Hosmer and Lemeshow test (Table 3). These results, therefore, quantitatively confirm a clinical suspicion long held among pediatric urologists: that stone size is the single most important predictor of spontaneous stone passage in pre-pubertal patients.

	Table 3. Logistic Regression Analysis of Passage Rate in Pre-pubertal Patients

	Independent Variable

Coefficient

Standard Error

Wald’s χ2

df

p-value

Odds

Size

-0.691

0.146

-4.73

1

<0.001

0.501

Location

0.923

0.506

1.82

1

0.068

2.516

Constant

1.294

1.051

1.23

1

0.218

Test

χ2

df

p-value

Overall Model Evaluation

          Likelihood ratio test

50.55

2

<0.001

          Wald Test

24.71

2

<0.001

Goodness of Fit test

          Hosmer & Lemeshow (10 group)

2.51

7

0.9260

N = 119

Observed and the Predicted Frequencies for Spontaneous Stone Passage by Logistic Regression with Cutoff of 0.50

Observed

Predicted
Yes

No

% Correct

Yes
34

12

70.83

No
14

59

83.10

Overall % Correct
78.15

Sensitivity = 34/(34+14) = 70.83%. Specificity = 59/(59+12)% = 83.10%. False positive = 12/(12+59) = 16.90%. False Negative = 14/(14+34) = 29.17%.
Note: The dependent variable in this analysis is stone passage coded so that 0=required ureteroscopic intervention and 1=spontaneous stone passage without medical or surgical intervention. Location was coded as a binary dependent variable so that 0=renal and 1=ureteral.



4.0  Discussion

Given the increasing incidence of pediatric nephrolithiasis and concerns about the safety of alpha blockers in prepubescent patients, we sought to identify the natural history of stone disease (that is, without medical or surgical intervention) in this patient sample by identifying the rate of spontaneous stone passage and establishing independent predictors of stone passage. We first begin by comparing our results to a review of the literature and then summarizing the conclusions drawn from our logistic model as well as pointing out its limitations.

Our study sample is unique in that we aim to predict passage rate using a patient sample that was exclusively composed of pre-pubertal pediatric patients and included both renal and ureteral stones. The model we tested validates stone size and accurately predicts passage in 78.15% of cases. The average stone size of passed stone was 3.4 mm overall, with little variation between renal and ureteral stones (3.5 mm and 3.4 mm, respectively). This is slightly larger than prior studies including Kyouncu et al who report 2.9 mm for renal and 2.7 mm for ureteral stones as well as Pietrow et al who report 2.8 mm for renal and 2.6 mm for ureteral stones. From Kalorin et al, the average size of renal stones passed was 2.9 mm compared to 3.5 mm for ureteral stones.

4.1 Literature Review

We performed a review of the literature to assess comparable attempts at elucidating the natural history of stone disease in prepubescent patients with special emphasis on spontaneous stone passage. Prior studies have had confounding variables in their patient samples. A study from Turkey4 (N= 179) included patients with anatomical abnormalities like uretero-pelvic junction (UPJ) obstruction in their study and did not allow all patients a trial of spontaneous passage. Additionally, most other studies included older children up to 14 or 15 years of age, which makes it difficult to apply their results to prepubescent children since older children are known to be better at passing stones and renal stones in specific. For example, Koyuncu et al5 report an overall passage rate of 53% but with a renal passage rate of 37%, which is higher than that reported by our study as well as another study that included a subgroup of children 11 years of age and younger6. This study by Pietrow et al found an overall passage rate of 39.3% - comparable to our reported rate of 40% - as well as a renal passage rate of 16%. In our cohort, 37 (77%) ureteral stone and 11 (23%) renal stone were passed spontaneously. Kalorin et al, in a sub group analysis of patients below (N=39) and above (N=41) 10 years of age, reported a renal passage rate of 20.5% and a ureteral passage rate of 17.9% in those under 10 years of age7. However, none of these studies, attempted to identify factors that predicted stone passage. 

Another study quoted a passage rate of 36% among 33 patients with an average stone size of 2 mm. The authors make two more observations: there seemed to be no difference in passage rate based on age or gender and no stones greater than 4mm passed spontaneously8. In this small retrospective study, patients were older on average (mean 11 years) and stones were exclusively located in the distal ureter. A different prospective study of the natural history of pediatric nephrolithiasis included older children with an age range of 4 to 16 years old9. As a result, their quoted passage rate is significantly higher than any of the other studies reviewed here: 75%. While this was a prospective study, their total sample size was only 75. Typically a sample size of 100 is suggested as the minimum sample size because that allows for the desirable effects of the maximum likelihood method used in logistic regression10. Additionally, in the above mentioned study, interaction terms between the variables were not assessed; model evaluation and goodness-of-fit were not reported. This may account for the fact that this study failed to identify stone size as a significant predictor of stone passage. 

Based on adult literature, there has long been agreement that stone size is the most important factor for predicting spontaneous passage of calculi11, especially when only considering ureteral stones. Some have tried to apply these general consensus statements and predict in an individual whether a particular ureteral stone would pass or require intervention. Cummings et al12 used an artificial intelligence to assess 17 different input variables to predict spontaneous stone passage and accurate prediction was obtained in 76% overall. Out of the 181 patients included in the study, only 20 were under the age of 18. Additional concerns have been raised regarding the fact that the program did not validate stone size as an important predictor of passage. 
4.2 Limitations

The limitations of our analysis are inherent to the retrospective nature of the study. Selection bias is possible given patients were only observed from one group at a single institution. Attempts were made to mitigate misclassification bias when controlling for BMI by using BMI percentile rather than raw BMI. Also, some patients were diagnosed at an outside hospital and the initial imaging modality was based on the practice patterns at the outside hospital. Additionally, while an overall sample size greater than 100 was sufficient to perform the analysis we required, a larger sample size would allow more specific classification of the stone location. For example, we were unable to perform a subgroup analysis based on ureteral stones because there were only 2 stones in this sample that were located in the mid ureter as opposed to the proximal or distal ureter. We therefore believe a larger, multicenter study would help further increase the sensitivity and specificity of our prediction equation by allowing even more classification options within the location variable. Exploration into additional demographic factors such as race and family history of kidney stones could provide greater insight into 
4.3 Conclusion

In summary, we report the prevalence of spontaneous stone passage in pre-pubertal children as well as quantitatively identify and verify stone size as the single most important predictor of stone passage in this age group. Most importantly, we developed a statistical model that accurately predicts stone passage based on stone size and location in almost 80%, or 4/5, cases. It is important to recognize that neither age, gender, BMI, type of presentation, nor degree of hydronephrosis were statistically significant predictors of stone passage in our analysis. Controlling for these variables in the model did not improve the model fit suggesting that stone passage can be adequately predicted based simply on stone size and stone location.   

Therefore, in pre-pubertal patients, stone size and stone location are important independent predictors of spontaneous stone passage. Our predictive model should allow clinicians to better judge which clinically stable, non-septic children can afford to undergo watchful waiting. 

APPENDIX: MODEL VALIDATION
A.1 Graphs

A.1.1 Boxplot

Initial data analysis begins with simply plotting the data. In this case, a boxplot reveals essentially no clear outliers and reasonably similar distribution of stone size between renal and ureteral stones that spontaneously pass.
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	Figure 2. Boxplot of Stone Size versus Stone Location for Spontaneous Passage


A.1.2 Identifying the optimal probability Cutoff

In order to identify the optimal probability cutoff, I generated a graph of the sensitivity and specificity of the model at various cutoff values. The intersection of these two lines helps identify the cutoff value that will maximize both the sensitivity and specificity, and in turn offer the greatest model discrimination. From Graph 3, it appears that the optimal cutoff is around 0.50.
	[image: image5.emf]0.00

0.25

0.50

0.75

1.00

Sensitivity/Specificity

0.00 0.25 0.50 0.75 1.00

Probability cutoff

Sensitivity Specificity



	Figure 3. Sensitivity and Specificity of the Prediction Equation for Various Cutoffs


A.1.3 Receiver Operating Characteristic (ROC) Curve for Model Discrimination

As well as being well calibrated, a good model should have high discrimination ability. In my binary outcome context, this means that observations where stone passage=1 ought to be predicted high probabilities, and those with stone passage=0 ought to be assigned low probabilities. Such a model allows us to discriminate between low and high risk observations. One method of assessing this is by analyzing the area under an ROC curve. A model with high discrimination ability will have high sensitivity and specificity simultaneously, leading to an ROC curve which goes close to the top left corner of the plot. A model with no discrimination ability will have an ROC curve which is the 45 degree diagonal line. Graph 4 reveals good discrimination with a probability cutoff of 0.50 with an area under the ROC curve of 0.85.
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	Figure 4. Receiver Operating Characteristic Curve for the Prediction Equation with Cutoff 0.50
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