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Abstract

The management of brain dead organ donors (BDOD) is complex. The use of
inotropic agents and replacement of depleted hormones known as hormonal replacement
(HR) is crucial for multiple organ procurements. Yet the optimal HR modality has not
been identified, and the statistical adjustment for the best selection is not trivial.
Traditional pair-wise comparisons between every pair of treatments, multiple
comparisons to all (MCA), are statistically conservative. Hsu’s multiple comparison with
the best (MCB)—adapted from the Dunnett’s multiple comparisons with control
(MCC)—has been used for selecting the best treatment with a single continuous outcome.
We selected the best HR modality for the success of multiple organ procurements using a
two step approach. First, we estimated the predicted margins of the logits by constructing
generalized linear models (GLM) or generalized linear mixed models (GLMM), and then
we applied the multiple comparison methods to identify the best HR modality given that
the testing HR modalities are independent. Among sixteen HR modalities, we found that
the combination of thyroid hormone, steroid, vasopressin, and insulin was the best HR
modality for multiple organ procurement for transplantation based on the 95%
simultaneous confidence intervals or decision limits.
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1. Introduction

The quality of organs and lack of supply remain big hurdles for the success of
organ transplantation for those organs that are procured from brain dead organ donors
(BDOD). Often, hormonal alterations cause hemodynamic instability after brain death.
Recently, the use of inotropic agents and replacement of depleted hormones in a process
known as hormonal replacement (HR) have helped preserve organ function. Currently,
hormonal therapy can include the administration of four hormones: thyroid hormone
(triiodothyronine  (T3) or levothyroxine (T4)), corticosteroids (cortisol or
methylprednisolone), insulin, and anti-diuretic hormone (DDAVP or arginine
vasopressin), all of which have been used alone or in various combinations (Cooper et al,
2009; Novitzky et al, 2006; Novitzky et al, 1984; Rosendale et al, 2002; Rosendale et al,
2003). Although there are reports showing that using combination hormonal therapy
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could significantly improve the success of organ transplantation, there has not been
reported an optimal combination hormonal therapy regimen that maximizes multiple
organ procurements and improves organ quality from BDOD. In this report, we intend to
identify the best HR modality from all possible combinations of the four hormones by
using data from the United Network for Organ Sharing (UNOS). However, selecting the
best HR modality from multiple HR modalities for multiple organs is statistically
challenging.

To select the best HR modality from many available HR regimens is a multiple
comparison problem in statistics. Traditional pair-wise comparison (MCA) between
every pair of treatments is statistically conservative. Hsu et al proposed a multiple
comparison method to select the best treatment, known as the MCB, which is adapted
from Dunnett’s multiple comparison with control (MCC) method by comparing each
treatment with the best of the other treatments (Dunnett, 1955; Dunnett, 1980; Hsu, 1981,
Edwards et al, 1983; Hsu, 1992). Since it was developed, the MCB has been widely used
to select the best treatment based on single continuous endpoints. However, sometimes
one needs to select the best treatment based on multiple endpoints, which usually are not
continuous. In this report, we used a two step method to select the best HR modality
based on ten binary endpoints.

2. Methods

2.1 Data

The data used for the analysis was provided by the United Network for Organ
Sharing (UNOS, Richmond VA). A total of 71,571 organ donors were registered at
UNOS from January 1* 2000 to December 31* 2009. A subset of 40,124 subjects, who
were not donors of Donation after Cardiac Death (DCD) and had confirmed HR or non-
HR therapy, was used for the analysis. There were 10 organs that could be procured from
each donor; they included heart, double lungs (transplanted to same recipient), right lung,
left lung, double kidneys (transplanted to same recipient), left kidney, right kidney, liver,
intestines, and pancreas. Four classes of hormones—thyroid hormone (T3 or T4),
corticosteroid (cortisone), vasopressin (arginine vasopressin or DDAVP), and insulin—
were used to sustain donor’s condition and to improve organ procurement. An individual
donor could have received one or more of these four hormones or not received any of
them. For convenience of illustration, the hormonal treatment modalities are categorized
by thyroid hormone as shown in Table 1.

2.2 Analytical method

Two metrics were calculated to evaluate HR efficacy on BDOD organ
procurement and transplantation: 1) average number of organs transplanted per individual
donor given a hormonal treatment modality calculated as total number of organs
transplanted divided by total number of donors within that treatment modality group and
2) transplantation rate for a specific organ given a hormonal treatment modality
calculated as number of the organ transplanted divided by all the organ dispositions
among the donors in that modality group. The data management and analysis were
performed using SAS 9.2.1 (SAS Inc., Cary NC). Missing values were excluded from the
analysis.

2.3 Estimation of predicted margins

To select the best HR modality for organ procurement, we used a logistic
regression model to estimate the predicted margins or the logits for each particular organ
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Table 1: Combinations of HR modalities

Group Hormone Combinations N
Al Thyroid+Steroid+Insulin+Vasopressin 10669
A2 Thyroid+Insulin+Vasopressin 2935
A3 Thyroid+Steroid+Insulin 1363
A4 Thyroid+Steroid+Vasopressin 1118
A5 Thyroid+Vasopressin 4003
A6 Thyroid+Insulin 1545
A7 Thyroid+Steroid 580
A8 Thyroid 809
B1 Steroid+Insulin+Vasopressin 3553
B2 Insulin+Vasopressin 3655
B3 Steroid+Insulin 985
B4 Steroid+Vasopressin 1328
B5 Vasopressin 2158
B6 Insulin 3028
B7 Steroid 791
B8 No Hormone 1604

type, including heart, double lungs, single lung, liver, double kidneys, single kidney,
pancreas, and intestine. The logits for each type of organ was estimated based on the
following model, which adjusted for age, gender, and body mass index (BMI):

log it(p) = |n[1pJ:ﬁo + B, -HR+ f3, - AGE + 3, - GENDER+ 5, - BMI

where p is the probability of successfully procuring an organ given certain HR treatment.

Furthermore, we selected the best HR modality for multiple organ procurement
by constructing a generalized linear mixed model to estimate the logits, defined as the
following:

log it(p) = In[lppj_ﬂo + 3, -HR+y-Type

where p is the probability of successfully procuring an organ given certain HR treatment;
B.is the fixed effect; and y is the random effect. Four variance-covariance structures

were selected to estimate the random effect, i.e. variance component (VC), compound
symmetry (CS), autoregressive (AR), and Toepliz (TOEP).

2.4 Multiple comparisons procedures

To select the best HR modality for single and multiple organ procurement for
transplantation, multiple comparison procedures (MCA, MCC, and MCB) were applied
based on the logits from either the logistic regressions or generalized linear mixed
models. Let 4,,4,,...,6, denote the treatment effects of logits estimated from the models

described above. In the MCA setup, the parameters of interest were ¢, -6, for alli = j,

and there were k(k —1)/2 or 120 pair-wise comparisons. In the MCC setup, the HR
modality with the highest value was used as the control and denoted as treatment €. Then
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the parameters of interest were 5, =g, —g, for i =1,2,....k —1, which in this study involved

15 comparisons. Similar to the MCC, the parameters of interest for the MCB were the
difference between each HR modality and the true best of the others. For an HR modality
i with an unknown real value g,, g, =max,.., ¢, . If modality i is preferred to modality

j when g, > ¢, the parameters s, =g, -6, reflect inversely the goodness of each

[k]
treatment relative to the best treatment, for i =1,2,...,k —1, which in this study involved 15
comparisons. The simultaneous confidence intervals on the parameters of interests for the
multiple comparison procedures were constructed to assess efficacy for each HR
modality for individual and multiple organ procurement. The Tukey MCA procedure
(Tukey, 1993) was used for all pair-wise comparisons, and the Dunnett-Hsu MCC and
the Hsu MCB procedures were used to select the best HR modality based on the largest
mean logits or LS-means.

3. Results

The best HR modality selection was based on single organ type procurement and
multiple organ procurement and transplantation, including average number of multiple
organ transplantations for individual BDOD.

3.1 General information for BDOD organ procurements

For each BDOD, there were ten organs that could be procured and transplanted,
for which lungs (left and right) and kidneys (left and right) were considered as two single
lung or kidney transplantations when they were transplanted into different recipients and
as a double transplantation when two lungs or two kidneys were transplanted into the
same recipient. Table 2 lists the overall success rates for each organ type transplanted to
recipients without specifying HR information. Liver, single left kidney, single right
kidney, and double Kidneys transplantations had higher success rates of 81.0%, 74.1%,
73.2%, and 62.8%, respectively, than those of heart and double lungs transplantations
(31.1% and 31.55). Pancreas, single right lung, single left lung, and intestine
transplantations had the lowest success rates, ranging from 2.5% to 18.9% (Table 2).

Table 2 Success rates for different organ transplantations

Organ Transplanted AllDonors  Rate (%)
Heart 12461 40124 31.1
Double Lungs 5297 16806 31.5
Left Lungs 1562 23318 6.7
Right Lungs 1432 23318 6.1
Liver 32103 39643 81.0
Double Kidneys 1555 2478 62.8
Left Kidneys 27891 37646 74.1
Right Kidneys 27539 37646 73.2
Pancreas 7595 40121 18.9
Intestine 997 40120 2.5

3.2 The best HR evaluation based on individual organ transplantations

Generally, multiple organs are procured from a BDOD treated with certain HR
modality. In order to assess whether a certain HR modality is good for one organ but not
good for others, we performed the best HR modality evaluation for each individual organ.
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Figure 1 shows predicted margins or LS-means in SAS estimated from logistic
regressions based on the success rates for different organ transplantations across sixteen
treatment categories, i.e. fifteen HR modalities and no HR treatment. The largest LS-
mean of HR modalities was identified for each organ type. The HR effects were reflected
by the values of the predicted population margins or LS-means. The higher value had the
better effect. The simultaneous confidence intervals for LS-mean differences between
each HR modality and the HR modality with the largest LS-mean value are shown in
Figure 2. When the Dunnett-Hsu procedure was used, the best HR modalities for heart,
double lungs, single lung, liver, double kidneys, single kidney, pancreas, and intestine
transplantations were A5, A4, A2, B4, A4, Al, A4, and A4 respectively. However, the
best HR A5 for heart transplantation was not significantly better than Al, A2, and A4,
similarly, A2 was not significantly better than Al for single lung transplantation, and Al
was not significantly better than A4 for single kidney transplantation. When the Hsu
MCB procedure was used, the best HR modalities for heart, double lungs, single lung,
liver, double kidneys, single kidney, pancreas, and intestine transplantations were A5,
A4, A2, B4, A4, A1, A4, and A4, respectively. As shown in Figure 3, similar results were
found when the Dunnett-Hsu MCC procedure was used; whereas, the best HR Al was
not significantly better than A2 and A5 for single kidney transplantation, and A4 was not
significantly better than B4.

LS Mres b o [rreRe—— s g e

Heart Double lungs Single lung

Liver Double kidneys " Single kidney

Pancreas Intestine

Figure 1 Predicted margins of the logits or LS-means estimated from each logistic regression
model based on the successful transplantation rates for each organ (clockwise: heart, double lungs,
single lung, liver, double kidneys, single kidney, pancreas, and intestine) across HR groups.
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Figure 2 Dunnett-Hsu’s MCC simultaneous confidence intervals for the differences of the logits
estimated from each logistic regression model using multiple comparison with the highest LS-

mean or logit (clockwise: heart, double lungs, single lung, liver, double kidneys, single kidney,
pancreas, and intestine) across HR groups.

Figure 3 Hsu’s MCB simultaneous confidence intervals for the differences of the logits estimated
from each logistic regression model using multiple comparison with the highest LS-mean or logit

(clockwise: heart, double lungs, single lung, liver, double kidneys, single kidney, pancreas, and
intestine) across HR groups.
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3.3 The best HR selection for multiple organ transplantations

There were two parameters used for the best HR modality selection for
multiple organ procurement and transplantation, i.e. average number of organs
transplanted given individual donors and the success rates for multiple organ
transplantations.

This approach was based on the LS-means estimated from the generalized linear
mixed models using four covariance structures for estimating the random effect. As
shown in Table 3, though there were slight LS-mean value differences among these four
covariance structure models, there were no differences in terms of the ranks of the HR
effect, and the HR group Al was the top rank of all four models. Pair-wise comparisons
were performed using the Tukey procedure. The results showed that group Al was the
best HR modality; however, it was not significantly better than HR groups A4, A2 and
Ab5 after the Tukey adjustment (Figure 4).

Table 3 LS-means estimated from different covariance structure models

HR Group CS AR VvC TOEP
Al -0.4858 -0.4145 -0.4858 -0.2523
A2 -0.5713 -0.5000 -0.5713 -0.3378
A3 -1.0438 -0.9725 -1.0438 -0.8104
A4 -0.4889 -0.4176 -0.4889 -0.2554
A5 -0.5544 -0.4831 -0.5544 -0.3209
A6 -1.0706 -0.9993 -1.0706 -0.8372
A7 -0.8898 -0.8185 -0.8898 -0.6564
A8 -1.1378 -1.0665 -1.1378 -0.9043
Bl -0.7301 -0.6589 -0.7301 -0.4967
B2 -1.0317 -0.9604 -1.0317 -0.7983
B3 -1.3200 -1.2487 -1.3200 -1.0865
B4 -0.6089 -0.5376 -0.6089 -0.3755
B5 -0.9198 -0.8485 -0.9198 -0.6863
B6 -1.5969 -1.5256 -1.5969 -1.3634
B7 -1.3001 -1.2288 -1.3001 -1.0667
B8 -1.4209 -1.3496 -1.4209 -1.1875

Figure 4 Pair-wise confidence intervals from generalized linear mixed models with four different
covariance structures using the Tukey procedure (clockwise: compound symmetry, autoregressive,
variance component, and toepliz) across HR groups.
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When the Dunnett-Hsu procedure was used to construct the simultaneous confidence
intervals or 95% decision limits, the results showed similar results to those when pair-
wise comparisons were performed. Al was the best HR modality for multiple organ
procurement and transplantation (Figure 5). However, it was not significantly better than

A2 and A5.
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Figure 5 Simultaneous confidence intervals for the differences of the logits estimated from
generalized linear mixed models with four different covariance structures using the Dunnett-Hsu

procedure (clockwise: compound symmetry, autoregressive, variance component, and toepliz)
across HR groups.
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Figure 6 LS-means and the simultaneous confidence intervals for the differences from generalized
linear model based on the average number of organs transplanted for individual BDOD using the
Dunnett_Hsu MCC procedure (upper panels) and the Hsu MCB procedure (lower panels) across
HR groups. The right panels were based on the models adjusted for age, gender and BMI.
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The same HR modality was identified using the average number of organs procured and
transplanted for individual BDOD based on the general linear models with or without
adjusting the covariates, age, gender, and BMI. As shown in Figure 6, group Al was the
best HR modality using both Dunnett-Hsu MCC and Hsu MCB procedures. However,
without the covariate adjustment, A1 was not significantly better than A2, A4, and A5
when the MCC was used, and was not significantly better from A4 and B4 when the
MCB was used; whereas after the covariate adjustment, A1 was not significantly better
than the A4 when the MCB was used.

4. Conclusion

HR has been widely used to increase BDOD organ procurement. So far there is
no research showing what the optimal HR combinations are for specific types of organ
and multiple organ procurement. In this report, we proposed a two-step approach using
generalized linear models (GLM) or generalized linear mixed models (GLMM), and
multiple comparison procedures and analyzed 40,124 BDOD with HR treatment
information to identify the best HR modality for both individual and multiple organ
procurement using Tukey’s MCA, Dunnett-Hsu’s MCC, and Hsu’s MCB. We found that
thyroid, steroid, and vasopressin hormones played important roles in hormone
management for organ procurement and transplantation. The combination of thyroid
hormone, steroids, vasopressin, and insulin was the best hormonal therapy for multiple
organ procurement and transplantation. The detailed HR combinations for each organ
type and multiple organ procurement are summarized in the following table.

Organ Procurement HR group: HR Combinations
Single Organ Procurement

Heart A5: Thyroid+Vasopressin

Double lungs A4: Thyroid+Steroid+Vasopressin

Single lung A2: Thyroid+Insulin+Vasopressin

Liver B4: Steroid+Vasopressin

Double kidneys A4: Thyroid+Steroid+Vasopressin

Single Kidney Al: Thyroid+Steroid+Iinsulin+Vasopressin
Pancreas A4: Thyroid+Steroid+Vasopressin
Intestine A4: Thyroid+Steroid+Vasopressin

Multiple Organ Procurements
Multivariate successrates  Al:Thyroid+Steroid+nsulin+Vasopressin
Averagenumberoforgans  Al:Thyroid+Steroid+Insulin+Vasopressin

To select the best HR modality, we applied multiple comparison methods to
control type I error rates. Tukey’s MCA is the most powerful test when performing all
pair-wise comparisons and Dunnett’s MCC is the most powerful test when comparing to
a ‘control’; whereas Hsu’s MCB is the most powerful test when not requiring all pair
wise comparisons, which compares between each sample mean and the “best” of all the
other means, where one specify that “best” means either largest or smallest. It is a
modification of Dunnett’s MCC method by treating the ‘best” as an unknown parameter.
The purpose is to select which group(s) is/are the best: not significantly different from
each other but significantly better than the others. In this data analysis, we yielded the
similar results using the three methods because of the large sample size. We applied the
Dunnet-Hsu MCC by treating the highest value by treatment effect as the ‘control’ group
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and testing whether the other treatment effects were inferior to the “’control,” which then
we considered as the best HR, as a comparison with the results from the Hsu MCB. The
best HR selections were based on the simultaneous confidence intervals using both MCC
and MCB procedures.
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