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laboratory has FAILED

to support pediatric 
medicine adequately
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N = 463N = 463
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The Urine CREATINE Panel
as a Model of Past State

Three Marker Panel

• Normalization for urine creatinine is not an option
• Most common disorder (x-linked SLCA8 def.) is detectable 

only by a ratio (Cre/Cn) https://www.mayocliniclabs.com/test-catalog/Clinical+and+Interpretive/88697 

(based on the analysis of ~120 samples)

Limitations of Current State
• Why were 120 samples enough?

…the best means to establish a reference interval is to collect 
samples from a sufficient number of qualified reference individuals to 
yield a minimum of 120 samples for analysis, by non parametric 
means, for each partition (eg, sex, age range) Age in years
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120 Random Male Samples (0-70 yr)

Are these 120 samples enough?

N=1
<1 month of age
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Limitations of Current State
• Why were 120 samples enough?

…the best means to establish a reference interval is to collect samples from a 
sufficient number of qualified reference individuals to yield a minimum of 120 
samples for analysis, by non parametric means, for each partition (eg, sex, age range)
… individual laboratories should focus more on verifying reference intervals established 
elsewhere, a much less formidable task.

A major advantage of this options there is no need to collect samples from 
reference individuals. One can use existing samples, even from subjects not 
known to be healthy …. 
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Retrospective Data Mining
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120 Random Male Samples (0-70 yr)
(Clinical Specimens Interpreted as NORMAL)
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12,000 Random Samples (0-70 yr)
(Clinical Specimens Interpreted as NORMAL)
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High/Low Cutoffs (Males) Urine Creatine
Moving Median (N=13,779) vs. Cutoffs
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https://www.mayocliniclabs.com/test-catalog/Clinical+and+Interpretive/88697 
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Age >18 years
Is there a better, simple (automated), and 

OBJECTIVE way to tell if there is a 
significant M/F difference?

Males vs. Females Urine Creatine

Age in years (log)

C
re

at
in

e
nm

ol
/m

L
(lo

g)

The Gowans’ Plot
Male median ± 1/8 SD

vs.
Female median ± 1/8 SD

If the two bands overlap for the whole 
range of the covariate (no separation)

there is no need to establish
separate reference intervals by sex

Gowans’ Plot

Gowans EM, Pedersen PH, Blaaberg O, Hørder M. Analytical goals for the 
acceptance of common reference intervals for laboratories throughout a 
geographical area. Scand J Clin Invest 1988;48:757– 64.
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Divergence starts
at ~12 yr of age (not 18)

Can we
MERGE

M/F 
data?
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Collaborative Laboratory Integrated Reports 
(CLIR)

CLIR is free….
but contribution of data is required

What Does CLIR DO, Exactly? 
• Replaces conventional reference ranges

– With continuous (moving) covariate-adjusted percentiles

• Enhances the clinical utility of individual markers 

– With all possible permutation of calculated ratios

• Replaces analyte cutoff values

– With an integrated scoring based on the degree of overlap 
between reference ranges and condition-specific disease 
ranges, all adjusted for relevant covariates

• Replaces diagnostic sequential algorithms (“and”)

– With tool-based post-analytical parallel algorithms (“or”)

Continuous Moving Percentiles
Urine Creatine (Unadjusted)
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Continuous Moving Percentiles
Urine Creatine (Unadjusted)

a.k.a. the “Bacon Plot”
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Problem
(FN)

Problem
(FP)

Continuous Moving Percentiles
Urine Creatine (Unadjusted)
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Continuous Moving Percentiles
Urine Creatine (ADJUSTED)
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How is this done?

CLIR Adjustment Builder CLIR Adjustment Builder
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CLIR Adjustment Builder CLIR Adjustment Builder

CLIR Adjustment Builder Median Regression Plots
Males

Splines
Bin

Females

Bins Splines

2,849

4,664

Std. Dev. Regression Plots
Males

Females

Bins Splines

2,849

4,664

Regression Quality Control Plots

Actual median (back)
Calculated median 
(front)

FemalesMales

+



Adjusted Marker vs Covariate Plot
Moving Percentiles

What difference does it make?

Individual Values

Unadjusted Plot by Condition

Adjusted Plot by Condition Adjustment Comparison Plot

Degree
of overlap

26%

Degree
of overlap

34%

17OHP (CAH)IRT (Cystic Fibrosis)

Beyond ONE Continuous Covariate

CLIR
can create 

simultaneous
adjustments

for
2 continuous
1 categorical

covariates
& locations (n)

Continuous Moving Reference Ranges
Adjusted for AGE & BW & Location
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What Does CLIR DO, Exactly? 
• Replaces conventional reference ranges

– With continuous (moving) covariate-adjusted percentiles

• Enhances the clinical utility of individual markers 

– With all possible permutation of calculated ratios

• Replaces analyte cutoff values

– With an integrated scoring based on the degree of overlap 
between reference ranges and condition-specific disease 
ranges, all adjusted for relevant covariates

• Replaces diagnostic sequential algorithms (“and”)

– With tool-based post-analytical parallel algorithms (“or”)

Unadjusted Plot by Condition

Unadjusted Plot by Condition Adjusted Plot by Condition

Adjustment Comparison Plot

Degree
of overlap

0%!!

Degree
of overlap

21%

The Clinical Utility of COMBINING
Covariate-Adjusted Ratios

Unadjusted
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The Clinical Utility of COMBINING
Covariate-Adjusted Ratios

Unadjusted

Neither is informative 7
Only one informative 13
Both are informative 29

Adjusted

Neither is informative 0
Only one informative 21
Both are informative 28

What Does CLIR DO, Exactly? 
• Replaces conventional reference ranges

– With continuous (moving) covariate-adjusted percentiles

• Enhances the clinical utility of individual markers 

– With all possible permutation of calculated ratios

• Replaces analyte cutoff values

– With an integrated scoring based on the degree of overlap 
between reference ranges and condition-specific disease 
ranges, all adjusted for relevant covariates

• Replaces diagnostic sequential algorithms (“and”)

– With tool-based post-analytical parallel algorithms (“or”)

Post-Analytical Interpretive Tools
Single Condition Tool Dual Scatter Plot

Krabbe Disease
• Defect

– Lysosomal galactocerebrosidase (GALC)
• Incidence (infantile form)

– 1:~400,000 (infantile onset)
• Timing of clinical onset

– First year of life
• Severity of disease

– Irritability, feeding difficulties, progressive spasticity, blindness and 
deafness, loss of voluntary movements, death occurs in infancy or 
childhood

• Treatment
– Human stem cell transplantation (HSCT)

NBS for Krabbe (without CLIR)



NBS for Krabbe (with CLIR)
Year

Volume (KY)
Abnormal (CLIR)

Normal 2TT
Reported positive

Confirmed TP
Confirmed FP
Detection rate

FPR
PPV

2016
48,125

13
12/13

1
1
0

1:55,151
0%

100%

2017
55,453

9
9/9
0
0
0

n/a
0%
n/a

2018
55,152

5
5/5
0
0
0

n/a
0%
n/a

2019
42,956

18
18/18

0
0
0

n/a
0%
n/a

ALL
201,686

45 (0.02%)
44/45

1
0
0

1:201,686
0%

100%

*

*h-PSY <1.5
30kb del -/-

NBS for Krabbe (with CLIR)

+
+

Second Tier Tests (biochemical)

+
+

Second Tier Tests (biochemical)

Near 0% FPR
for Pompe, MPS I, X-ALD and KRABBE
is achievable without additional patient 

contact and NO molecular testing

Outcome of NYS CF+CRMS Cases (N=49) Outcome of NYS FP IRT Cases (N=629) 

-93% -67%



Post-Analytical Interpretive Tools
2019 Utilization (YTD)

~750K/day

Outline
• The magnitude of the problem: Limitations of 

past state (partition bins, cutoff values)
• Current state: Collaborative Laboratory 

Integrated Reports (CLIR)
• The making of individualized reference ranges 

(how does it work)

Images shown in the next slides are from different CLIR 
applications for the following tests:

– CRDPU, total serum Calcium (CA), s-TSH, Hb (CBC)

How to Retrospectively Make Individualized 
Reference Ranges from Clinical Testing Results

• Data mining from LIS (SCC Soft since 11/2011)

• Removal of obvious outliers (± 10% highest/lowest cutoff)

• Data sorting (site, sex, age)

• Filtering by age- and sex-specific peripheral percentiles

• CLIR productivity tools
– Validation tool (gateway of data uploads)
– Reference ranges by covariate 
– Reference data review (manual removal of residual outliers)

Data Mining from LIS 

Removal of Gross Outliers 

• Values removed (± 10%)

– >12.1 mg/dL

– <  7.4 mg/dL

Data Sorting - Site

3.9M CBCs performed by 36 Laboratories within Mayo Clinic enterprise



Data Sorting - Site Age

3.9M CBCs performed by 36 Laboratories within Mayo Clinic enterprise

Data Sorting - Site Age Sex

Filtering by Peripheral Percentiles CLIR Validation Tool

CLIR Validation Tool Total Calcium Reference Values
(Sex Differences?)



Total Calcium Reference Values
(Sex Differences?)

Gowans’ plot

YES!
Total Calcium in Serum

Central Dispersion & Cumulative Percentiles

Total Calcium in Serum
Central Dispersion, Percentiles, and Cutoffs

Reference Range by Covariate
FEMALE Moving Percentiles

Total Calcium in Serum
FEMALE Moving Percentiles

Total Calcium in Serum
FEMALE Moving Percentiles & Cutoffs



Reference Range by Covariate
MALE Moving Percentiles

Total Calcium in Serum
MALE Moving Percentiles

Total Calcium in Serum
MALE Moving Percentiles & Cutoffs

Personalized Reference Ranges (N=2,655,502)

Personalized Reference Ranges (N=2,655,502)

Can this model be 
implemented

in clinical practice?

Previous cutoff: <8 mg/24 h (all ages, no sex differences)

We just did it!
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Future State: A Proposal
• The ordering of every laboratory test will include

– Sex

– PRECISE Age (my age today is 62.739726 yr)

– HEIGHT and WEIGHT

– Reason for referral (dream on….)

• The reporting of every laboratory test will include

– Age, sex, and BMI adjusted reference ranges

CLIR Adjustment Builder
(Covariates: AGE,SEX, and BMI)

C
ho

le
st

er
ol

 
(m

g/
dL

)

Serum Cholesterol Ref. Range
Adjusted for AGE, SEX, and BMI
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Data sample from NHANES - CDC (N=15,188)

The Goal of Future State:
Clinical Utility

(why we do what we do….. Agree?)
• It is critical to understand that, after all, even “perfect” 

reference intervals are not what is really needed in 
clinical practice, unless the given task, and clinical 
expectation, is to accurately “diagnose” healthy people!

• Comparison of results to DISEASE RANGES is far more 
important to answer the question whether a “non-normal” 
result is actually consistent with a particular disease 
status (from normal/abnormal to likelihood of disease)



“Today the only thing
that is permanent is change”

Charles H. Mayo, MD (1919)

Thank You for Your Attention


