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Various factors may affect the test results, including chang-
es of IA reagent batches, variation in the performance of 
the instrument (if applicable), the operator’s processes and 
factors contributed by the environment [9-11].

A QC process has been implemented in many blood screening 
laboratories to monitor the consistency of IAs used to screen 
for TTI. There is evidence that some of the measures and 
principles of QC commonly used in clinical chemistry, such 
as an assumption of commutability of the QC result with the 
patient’s sample results, may be less relevant in serological 
testing [12-16].

IAs with high analytical sensitivity, such as the PRISM 

Introduction 
The principles of quality control (QC) include procedures 
designed to detect unusual patterns (i.e. trends and shifts) 
which may not be of biological origin but may be due to 
analytical variation [1-5]. Prior to blood donations being ac-
cepted for transfusion, the donations are tested for trans-
fusion transmitted infections (TTI). When screening blood 
donations, it is crucial to use an immunoassay (IA) with 
high sensitivity because not identifying a contaminated do-
nation has significant implications for the recipients of the 
donation and for public health and safety [6-8].

Abstract
Background: Analytical precision of immunoassays (IA) may be affected by several 
factors. In this study, we developed and used a graphical exploratory data analysis 
tool which provided increased understanding of the relationship between the 
results of quality control (QC) and donor samples tested in an IA. 

Methods and Findings: Hepatitis B surface antigen (HBsAg) results from 712 QC 
tests and 177,910 negative samples collected from blood donors over a period of 
nine-months were analysed. The current study describes a simple visualization tool, 
quilt-plots (or heat maps), which can compare the extent of changes in donors’ test 
results with associated changes in QC reactivity levels by using changing shades 
of colour. The QC and donor test results were obtained using the Abbott PRISM 
HBsAg chemiluminescent immunoassay (PRISM HBV); there was a shift towards 
lower values in the donors’ results when QC reactivity was low. However, these 
effects were small and only detected due to the large sample size. Visualization 
of the accumulated data from sequential monitoring of donor and QC test results 
using quilt-plots (also known as heat-maps) enhances the interpretation of the 
relationship between QC and donor test results. 

Conclusions: Results of the quilt-plots can be used as an historical reference to 
predict the future performance of the IA and demonstrates that changes in QC 
reactivity do not necessarily predict changes in test results of donors found to be 
negative for HBsAg.
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chemiluminescent immunoassay (PRISM; Abbott Laboratories, 
Wiesbaden, Germany), are routinely used to screen donor 
samples for TTI. Like all biological assays, the PRISM IAs 
are subject to variation due to changes in reagent batches, 
instrument variability, inconsistencies in operator processes and 
environmental factors. Over the past decade, NRL (Australia; 
www.nrl.gov.au) has conducted a QC program for monitoring 
the performance of serological screening of blood donors for TTI 
[12,15,16]. This QC program assesses the day-to-day variability of 
the testing procedure and is based on established methodologies 
and statistical rules [17-19]. As a result, the QC program has 
created a large volume of data. Comprehensive analysis of these 
data may help to establish performance indicators in testing 
procedures by estimating and/or re-defining the effect that the 
IA variation has on the donor test results.

Previously, we investigated the clinical relevance of QC monitoring 
by measuring the impact various sources of variation in QC 
results has on donor test results obtained from the PRISM HIV-
1/2 and HBsAg IAs [12]. Although QC results showed variations 
across the reagent batches, donors’ test results remained 
stable during the study period, implying that, unlike the 
clinical chemistry experience, proportional changes in the QC 
results may not have clinically significant effects on the results 
of serological testing.

In this study, we used a semi-quantitative data assessment 
tool, quilt-plot (heat-maps), which can convert quantitative 
results into visual presentations to reveal significant features 
of data by comparing the change in color intensity [20,21]. 
Such graphical representation could be useful in monitoring 
and identifying the significant trends of the data as an instant 
“snap-shot”. We particularly focused on the changes in QC 
results due to the different sources of variation in the IA, 
such as reagent batch changes, different instruments and 
subchannels, and their impact on the donors’ test results. We 
also investigated if the highest (or lowest) QC reactivity levels can 
predict the highest (or lowest) donors’ HBsAg results.

The computer script for this semi-quantitative visual assessment 
was written using publicly available R 2.15.1 software (submitted 
as electronic supplementary materials).

Materials and Methods
A total of 177,910 donor samples were tested for HBsAg using 
the Abbott PRISM HBsAg ChLIA (PRISM HBV). During the same 
period, 712 QC test results were reported for the same IA. The 
methodology used has been described in detail elsewhere [12]. 
Briefly, the samples were tested using the PRISM HBV resulting 
in a chemiluminescent signal (S) expressed as a quantitative 
unit. The S unit for each sample was divided by an assay-specific, 
instrument-derived cut-off (Co) to obtain a test result expressed 
as a signal to cut-off ratio (S/Co). A total of six PRISM HBV reagent 
batches and two PRISM instruments (Instrument 1 and Instrument 
2) each having two subchannels (A and B) were used in the testing. 
If the donor’s sample was non-reactive (i.e. S/Co value was <1.0), 
the result was reported as negative and the donation released 
for processing. Only results of negative samples were included in 

the present study because the number of reactive samples was 
insufficient for analysis in the target population. 

During the study period, the laboratory tested a single batch 
of a multi-marker QC sample, PeliSpy MultiMarker Type 7 (T7; 
AcroMetrix, Benicia, Ca. USA) in each instrument and each 
subchannel every 8 hours. The QC test results were submitted to an 
internet-based QC monitoring program (EDCNet; NRL, Melbourne, 
Australia: www.nrlqa.net) along with associated testing information. 
Donors’ test results were extracted from the Abbott PRISM Retest 
Server into Microsoft Excel. These data were reformatted for further 
analysis. For each donor, the result fields extracted were date of 
testing, donor identification number, instrument and subchannel 
identification, test result (S/Co) and interpretation. For the same 
period of time, QC test results for T7 were exported into Microsoft 
Excel from the EDCNet database. These data included the date of 
testing, instrument and Sub-channel identification, IA reagent batch, 
test result (S/Co) of the QC sample and whether or not the test 
run was valid according to the IA manufacturers’ instructions. Only 
results from valid test runs were analysed in the study. 

The two parameters, QC and donors’ test results, were divided into 
quintiles. The first quintile represented those results in the lowest 
20%, while the fifth quintile represented those in the highest 20%.

Semi-quantitative assessment: Quilt-plots/Heat 
maps
Quilt-plots (also known as heat maps) were created to enhance 
the interpretation of the data [21]. Briefly, cross-classification of 
the quintiles of the QC and donors’ test results were presented 
overall and then stratified by the different source of variation in 
the IA (i.e. instruments and subchannels).

Theoretically, if the levels of the QC test results and donors’ test 
results were not associated with each other (i.e., level of one did 
not change as a function of the other), intensity of the colour would 
remain unchanged i.e., white across the quintiles. However, if the 
donor test results did change proportionally with the QC test results, 
the quilt-plot would be presented as a red colour; the intensity of 
which would increase with increased association between the two 
parameters. Using the different shades of red, quilt-plots would 
reveal differing magnitudes of associations between the quintiles 
of the QC reactivity and the donors’ test results. These associations 
may be the indicator for proportional changes while, if the “lighter” 
shades follows the “darker” shades then follows “lighter” shades (or 
vice versa), this may be an indicator of non-proportional changes.

Predictors of lowest/highest donor test results
Logistic regression was used to determine whether the lowest/
highest QC test results (first /fifth quintile) were associated with 
the lowest/highest donor test results. 

Odds ratios (ORs) (which measure the associations between the 
outcome of the interest and exposure variables) and their 95% 
confidence intervals (CIs) were estimated. Results were presented 
as both unadjusted as well as adjusted for potential confounders’ 
effects of the sources of variation of the IA: reagent batches, 
instruments and subchannels.
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Results of hepatitis B surface antigen test-
ing on the Abbott PRISM assay for donor 
(rows) and quality control (columns) sam-
ples sorted into quintiles with column per-
centages

Figure 1

Results
The coefficients of variation of the QC and the donors’ test results 
were estimated to be 13.0 % and 23.9 % respectively (data not 
shown). The overall mean of the donors’ results, expressed as 
S/Co, was 0.38 (range: 0.09, 0.99). The overall mean of the QC 
results, expressed as S/Co, was 2.54 (range: 1.85, 3.48).

Semi-quantitative assessment: Quilt-plots (Heat 
maps)
QC test results (in quintiles) were compared to the quintiles 
of the donors’ test results using the quilt-plots overall and 
then by instruments/subchannels separately (Figures 1 and 2 
respectively). Here, associations between the QC and the donors’ 
test results can be visually examined and interpreted by following 
the columns from top to bottom or following the rows from left 
to right. Although, no consistent uniform trend(s) across the 
quintiles were observed, there were differences regarding the 
levels of association between the two parameters. For example, 
in Figure 1, “intense red” in the lowest quintile of the donors’ 
test results across the first three quintiles of the QC reactivity 
indicates an association between the lower levels of QC reactivity 
and the lowest donors’ test results. Relatively small differences 
were observed between the higher quintiles of the donors’ results 
and the QC reactivity. There was a notable change in the intensity of 
the colour i.e. from a pale to a moderate intensity of red, when QC 
and donors’ test results were both in the highest quintile.

Associations between the two parameters were broadly similar 
when the quilt-plots were stratified by the instrument type 
(Figure 2A and 2B) and subchannels (Figure 2C and 2D). Briefly, 
the QC and donors’ test results did not show particular trend(s) 
(uniform increases/decreases) regardless of the instruments 
and subchannels used during the testing procedure; however, 

intense-red cells in the first quintile of the donors’ results were 
an indication that they were more likely to be lower when the QC 
test results were low. 

Predictors of lowest/highest donors’ test results 
Unadjusted/adjusted ORs and 95% CIs for donor and QC test 
results are presented in Table 1. QC reactivity levels in the bottom 
quintile (median=2.17 S/Co) were compared with those in the top 
quintile (median=3.08 S/Co), with adjustment for the potential 
confounder effects of the variables. The OR for the lowest 
donor test results was 1.27 (95% CI: 1.22, 1.32) (Table 1); similar 
associations were observed when second quintile (median=2.31 
S/Co) and third quintile (median=2.47 S/Co) were compared with 
the top QC reactivity quintile (OR: 1.36, 95% CI: 1.31, 1.41 and 
OR: 1.12, 95% CI: 1.07, 1.16 respectively). For the fourth quintile, 
the OR decreased to 0.87 (95% CI: 0.84, 0.91, p<0.001). 

The ORs comparing extreme quintiles of the QC reactivity levels 
and extreme high donor test results are also presented in Table 

A: Instrument 1 & Sub-channel A                                 B:   Instrument 2 & Sub-channel A 

 

C: Instrument 1 & Sub-channel B                           D:  Instrument 2 & Sub-channel B 

 

 

 

Results of hepatitis B surface antigen 
testing on the Abbott PRISM assay for 
donor (rows) and quality control (columns) 
samples sorted into quintiles with column 
percentages by Instrument (1 or 2)  and 
sub channel (A or B)

Figure 2
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of the observed test results (i.e. percentiles). This method can be 
implemented rapidly and the analysis reported in a visual and 
intuitive manner. Visual inspections of the quilt-plots (heat-maps) 
revealed differing relationships between QC reactivity and donors’ 
test results depending upon the quintiles. In a formal quantitative 
analysis, the lowest levels of QC reactivity (bottom quintile) were 
determined to have a statistically significant association with the 
lowest donor test results (bottom quintile). Consistent with this 
finding, the highest levels of QC reactivity (top quintile), when 
compared with the lowest levels (bottom quintile), were less likely 
to be the predictors of the highest donor test results (top quintile). 
However, although statistically significant, these small effects were 
detected due to the high statistical power of the study and therefore 
their clinical importance and relevance are questionable. These 
observations were consistent with previous findings where upward/
downward shifts in the QC reactivity were shown to be associated 
with negligible changes in negative donor test results [12].

Assumptions such as commutability of the QC reactivity and 
donors’ test results when there is a pre-defined cut-point, for 
example in clinical chemistry, may not be appropriate in serological 
testing [10-12]. Specific guidelines have been described and 
recommended the use of QC programs [17-19]. These guidelines 
describe important features of QC programs that are relevant for 
serological IAs including selection of a homogeneous and stable 
QC sample in which the analyte is present at a clinically relevant 
concentration.

The current study has several limitations. First of all, this 
analysis was not an attempt to conduct a comprehensive 
QC assessment but rather present a simple visual analytical 
tool that can be used to for quality control. Because of the 
insufficient number of positive donor test results, only negative 
donors’ test results were included in the analyses. However, 
previous investigations show that, “even if the reactivity of 
positive donor samples changed in proportion with the change in 
reactivity of the QC sample”, few false-negative donor test results 
would occur [12]. 

Conclusion
Although QC programs may analyse the QC test results using 
statistical charts and related QC rules to monitor the performance of 
serological IAs, additional information from the testing process, such 
as changes in reagent batches and instrument identification can be 
used to further the understanding of the results. Rapid assessment 
of this information using intuitive graphical presentations such as 
quilt-plots may bring instant insight into the testing process. Analysis 
of information from QC databases may provide greater insight and 
play a key role in determining the expected variation of patient/
donor test results resulting from changes in QC test results.
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Table 1 kOR and 95% CIs of extreme low† and extreme high†† donors’ 
result when tested in an immunoassay that detects hepatitis B surface 
antigen (HBsAg) compared with the median signal to cut-off ratio (S/Co) 
of the quality control (QC) test results.

     
Quality control (QC) reactivity 

Quintile 1 Quintile 2 Quintile 3 Quintile 
4 Quintile 5

Median of 
the signal to 
cut-off ratio 

(S/Co)
2.17 2.31 2.47 2.75 3.08

Extreme low HBsAg†

Unadjusted 
model

1.18
 (1.14, 1.23)

1.34
(1.29, 
1.39)

1.07
(1.03, 1.11)

0.87
(0.84, 
0.91)

1 
(referent)

Adjusted 
model‡

1.27 
(1.22,1.32)

1.36
(1.31, 
1.41)

1.12
(1.07, 1.16)

0.90
(0.86, 
0.93)

1 
(referent)

Extreme High HBsAg††

Unadjusted 
model

0.97
(0.93, 1.01)

0.92 
(0.89, 
0.96)

0.91
(0.88, 0.95)

0.93
(0.89, 
0.96)

1 
(referent)

Adjusted 
model‡

0.92  
(0.89, 0.96)

0.91
(0.87, 
0.94)

0.89
(0.86, 0.92)

0.91
(0.87, 
0.95)

1 
(referent)

† Donors’ results less than lowest 20% of the QC reactivity 
†† Donors’ results greater than highest 20% of the QC reactivity 
‡ Adjusted for the variables: IA reagent batches, instruments, subchan-
nels

1. After adjusting for the variables, the QC reactivity in the top 
quintile compared with that in the bottom quintile was less likely 
to predict high levels of donor test results (OR: 0.92, 95% CI: 0.89, 
0.96). Similar associations were observed when the second, third 
and fourth quintiles of the QC reactivity were compared to the 
top quintile (OR: 0.91, 95% CI: 0.87, 0.94; OR: 0.89, 95% CI: 0.86, 
0.92; OR: 0.91, 95% CI: 0.87, 0.95 respectively).

We also assessed the sensitivity of the results in randomly 
selected datasets. For this purpose, a split-sample method was 
employed to determine 10-equal size sample data sets using 
Stata 12.0 functions (data not shown). We observed similar 
associations between the primary outcome of interests (extreme 
low/high tests results) and the QC reactivity levels as presented 
in Tables 2 and 3.

Discussion
The test results obtained from using serological IAs are affected 
by several sources of variation including changes in reagent 
batches, instruments, operator and other environmental 
factors [8-11]. We used a semi-quantitative graphical tool, quilt-
plots to compare the relative associations between the reactivity 
of a single QC sample and the donors’ test results overall and 
stratified by sources of variation. The current study defined high/
low QC reactivity and donor test results based on the distribution 
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Quality control (QC) reactivity 

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
Extreme low HBV†

Random Sample # 1
n=17791 (10%)

Unadjusted model 1.25 
(1.15,1.37)

1.44
(1.33,1.57)

1.08
(0.99,1.18)

0.93
(0.85,1.01) 1 (referent)

Adjusted model‡ 1.37 
(1.25,1.50)

1.48
(1.36,1.61)

1.14
(1.04,1.24)

0.96
(0.87,1.05) 1 (referent)

Random Sample # 2
n=17791 (10%)

Unadjusted model 1.04
(0.96,1.13)

1.24 
(1.15,1.35)

1.01 
(0.93,1.10)

0.80
(0.73,0.88) 1 (referent)

Adjusted model‡ 1.11
(1.02,1.21)

1.26
(1.16,1.37)

 1.05 
(0.97,1.15)

0.82 
(0.75,0.90) 1 (referent)

Random Sample # 3
n=17791 (10%)

Unadjusted model 1.19 
(1.10,1.30)

1.38 
(1.27,1.50)

1.10
(1.00.1.20)

0.84
(0.76,0.92) 1 (referent)

Adjusted model‡ 1.27
(1.15,1.38)

1.40
(1.28,1.52)

1.14
(1.04,1.24)

0.86 
(0.78,0.94) 1 (referent)

Random Sample # 4
n=17791 (10%)

Unadjusted model 1.17
(1.07,1.28)

1.30
(1.20,1.42)

1.07
(0.98,1.16)

0.90
(0.82,0.98) 1 (referent)

Adjusted model‡ 1.25 
(1.14,1.37)

1.33
(1.22,1.45)

1.11
(1.01,1.21)

0.92
(0.84,1.01) 1 (referent)

Random Sample # 5
n=17791 (10%)

Unadjusted model 1.26 
(1.16,1.37) 1.31 (1.21,1.44) 1.10

(1.01,1.19)
0.90 

(0.83,0.99) 1 (referent)

Adjusted model‡ 1.39
 (1.27,1.52) 1.36 (1.25,1.48) 1.16

 (1.06,1.26)
0.94 

(0.85,1.03) 1 (referent)

Random Sample # 6
n=17791 (10%)

Unadjusted model 1.31
 (1.16,1.48) 1.49 (1.32,1.68) 1.11

(0.98,1.26)
0.93

(0.82,1.07) 1 (referent)

Adjusted model‡ 1.42
(1.25,1.61)

1.52
(1.35,1.72)

1.17
(1.03,1.33)

0.96 
(0.84,1.10) 1 (referent)

Random Sample # 7
n=17791 (10%)

Unadjusted model 1.19
(1.06,1.35)

1.40
(1.24,1.58)

1.05
(0.92,1.19)

0.92
(0.81,1.05) 1 (referent)

Adjusted model‡ 1.32 
(1.16,1.49)

1.43
(1.27,1.61)

1.11
(0.98,1.27)

0.95
(0.83,1.10) 1 (referent)

Random Sample # 8
n=17791 (10%)

Unadjusted model 1.15
(1.02,1.30)

1.28
(1.14,1.45)

1.02 
(0.90,1.15)

0.85 
(0.74,0.96) 1 (referent)

Adjusted model‡ 1.22
(1.08,1.38) 1.30 (1.16,1.47) 1.05

(0.93,1.20)
0.86

(0.75,0.98) 1 (referent)

Random Sample # 9
n=17791 (10%)

Unadjusted model 1.21
(1.07,1.37)

1.36
(1.21,1.53)

1.07
(0.95,1.21)

0.81
(0.71,0.92) 1 (referent)

Adjusted model‡ 1.29 
(1.14,1.46)

1.37
(1.22,1.54)

1.12
(0.99,1.27)

0.82
(0.72,0.94) 1 (referent)

Table 2 Quality control (QC) reactivity.
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Random Sample # 10
n=17791 (10%)

Unadjusted model 1.14
(1.05,1.23)

1.29
(1.20,1.39)

1.10
(1.02,1.19)

0.88
(0.81,0.95) 1 (referent)

Adjusted model‡ 1.21 
(1.12,1.32)

1.32
(1.23,1.43)

1.14
(1.05,1.23)

0.89
(0.83,0.98) 1 (referent)

     
Quality Control (QC) reactivity 

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
Extreme High HBV††

Random Sample # 1
n=17791 (10%)

Unadjusted model 0.89
(0.82,0.97)

0.90
(0.83,0.98)

0.91
(0.84,0.99)

0.88
(0.80,0.95) 1 (referent)

Adjusted model‡ 0.84 
(0.77,0.92)

0.89
(0.82,0.97)

0.88
(0.81,0.95)

0.86
(0.79,0.93) 1 (referent)

Random Sample # 2
n=17791 (10%)

Unadjusted model 1.02
(0.94,1.11)

0.92
(0.85,0.99)

0.89
(0.82,0.97)

0.91 
(0.84,0.99) 1 (referent)

Adjusted model‡ 0.98
(0.90,1.07)

0.92
(0.84,0.99)

0.86
(0.79,0.94)

0.90
(0.82,0.97) 1 (referent)

Random Sample # 3
n=17791 (10%)

Unadjusted model 1.00
(0.93,1.10)

0.92
(0.85,1.00)

0.93
(0.86,1.01)

0.95
(0.87,1.03) 1 (referent)

    Adjusted model‡ 0.98
(0.90,1.10)

0.92
(0.85,1.00)

0.91
(0.84,0.99)

0.94
(0.86,1.02) 1 (referent)

Random Sample # 4
n=17791 (10%)

Unadjusted model 0.94
(0.86,1.02)

0.88
(0.81,0.96)

0.90
(0.83,0.98)

0.96
(0.88,1.04) 1 (referent)

    Adjusted model‡ 0.86
(0.79,0.94)

0.86
(0.79,0.94)

0.85
(0.78,0.93)

0.93
(0.85,1.01) 1 (referent)

Random Sample # 5
n=17791 (10%)

Unadjusted model 0.94 
(0.86,1.02)

0.88
(0.81,0.96)

0.90
(0.83,0.98)

0.96
(0.88,1.04) 1 (referent)

    Adjusted model‡ 0.86 
(0.79,0.94)

0.86
(0.79,0.94)

0.85
(0.78,0.93)

0.93
(0.85,1.01) 1 (referent)

Random Sample # 6
n=17791 (10%)

Unadjusted model 0.93
(0.87,1.00)

0.89
(0.83,0.96)

0.92
(0.85,0.99)

0.89
(0.82,0.96) 1 (referent)

    Adjusted model‡ 0.88
(0.82,0.95)

0.89
(0.82.0.95)

0.88
(0.82,0.95)

0.87
(0.80,0.94) 1 (referent)

Random Sample # 7
n=17791 (10%)

Unadjusted model 0.87
(0.77,0.97)

0.91
(0.81,1.02)

0.91
(0.81,1.03)

0.88
(0.78,0.99) 1 (referent)

    Adjusted model‡ 0.81
(0.72,0.91)

0.89
(0.80,1.00)

0.87
(0.78,0.98)

0.86
(0.76,0.97) 1 (referent)

Random Sample # 8
n=17791 (10%)

Unadjusted model 0.92
(0.82,1.03)

0.90
(0.80,1.01)

0.90
(0.80,1.02)

0.87
(0.77,0.98) 1 (referent)

Table 3 Quality Control (QC) reactivity.
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    Adjusted model‡ 0.88
(0.78,0.99)

0.89
(0.79,0.99)

0.88
(0.78,0.99)

0.86 
(0.76,0.97) 1 (referent)

Random Sample # 9
n=17791 (10%)

Unadjusted model 0.94
(0.83,1.06)

0.94
(0.84,1.06)

0.88
(0.78,0.99)

0.89
(0.79,1.01) 1 (referent)

    Adjusted model‡ 0.91
(0.80,1.02)

0.93
(0.83,1.05)

0.86
(0.76,0.97)

0.88
(0.78,0.99) 1 (referent)

Random Sample # 9
n=17791 (10%)

Unadjusted model 0.91
(0.82,0.99)

0.91
(0.83,1.01)

0.92
(0.83,1.01)

0.89
(0.80,0.98) 1 (referent)

    Adjusted model‡ 0.86
(0.78,0.95)

0.90
(0.82,0.99)

0.89
(0.80,0.98)

0.87
(0.78,0.96) 1 (referent)
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