
Beyond Blocks: A New Era of Randomization

Wenle Zhao
Medical University of South Carolina

SCT 47th Annual Meeting, Phoenix, AZ, May 17-20, 2026



Contents
1. Block Randomization and Selection Bias Risk

2. Universal Measures for Imbalance and Randomness

3. Minimax Allocation Procedure - a New Randomization Algorithm  



Fisher described a design for potatoes in 1931 
at Rothamsted: 9 blocks of 9 plots each, 
testing 3 levels of nitrogen × 3 levels of potash in 
the field.



The 1948 streptomycin trial for 
pulmonary tuberculosis, run by 
the UK Medical Research 
Council, is widely recognized 
as the first modern randomized 
controlled clinical trial (RCT).

They used a random numbers 
table prepared by statistician 
Austin Bradford Hill.



• Randomization sequences are created 
for each sex-center stratum.

• 7 hospitals, 2 sex category, a total 14 
strata.

• Final distribution: 55 in treatment arm 
and 52 in control arm.

• No detail on how the random numbers 
were drawn. 

• Under simple randomization, the 
chance to have this imbalance is 0.3.



• Formally introduced stratified permuted block 
randomization to clinical trials by Bradford Hill in 1951.
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Random Block Design - Widely Used
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-0.005644%850%18
Assume

b=2

0.111164%939%14
Assume

b=4

0.222283%1033%12
Assume

b=6

0.1111100%411%4
Assume

b=8

0.361178%1864%23
Convergent
Prediction

𝑆𝐵𝑅 = 𝑃𝑅 ȉ (2 × 𝐶𝐺 − 1)
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Over Optimistic Assumptions

Randomization = Blocking

What randomization design is used?  What block size is used?

Knowing block size  Prediction with certainty  Selection bias

The Reality

In the word of data, probability is the compass.

Selection bias from prediction could occur unless the assignment is not complete random. 



2.

Performance Evaluation 
Measures



Objectives for Randomization

Allocation 
randomness

Treatment distribution 
balance



Competing Objectives

Allocation 
randomness

Treatment distribution 
balance
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Complete Random Allocation is Vulnerable to Imbalance



Balancing overweighs Randomness

Allocation 
randomness

Treatment distribution 
balance

Covariate distribution 
balance

Allocation 
randomness

Treatment distribution 
balance



Commonly Studied Randomization Methods

Wei’s Urn Design

Mass-weighted Urn 
Design

Pocock & Simon’s
MinimizationRandom Allocation Rule

Complete 
Randomization Maximal ProcedurePermuted Block Design Big Stick Design

Efron’s Biased Coin 
Desing

Wide Brick Tunnel 
Design

Daves’ MinimizationMerged Block Design 

Ehrenfest Urn Design

Brick Tunnel Design

Block Urn Design

Biased Coin Design with 
Imbalance Tolerance 

Asymptotic Maximal 
Procedure

Random Block Design

Truncated Binomial 
Design 

No imbalance control

No fixed imbalance limit

2-arm equal allocation only No explicit CAP formular

2-arm onlyNo fixed imbalance limit

No randomness

Low randomness

High predictability

Very high predictability

High imbalance in middle

2-arm equal allocation only

2-arm equal allocation onlyPredictability not low

No fixed imbalance limit

Block size = Sequence length

No explicit CAP formular 

No explicit CAP formular 

Uneven imbalance limits

A New Randomization 
Design

 Low allocation predictability.
 With maximum tolerated imbalance control.
 Applicable to all trial settings: two-arm or multi-arm; equal or unequal allocations.
 Easy to implement with explicit conditional allocation probability formula.



Measures for Imbalance and Randomness

Allocation 
randomness

Treatment distribution 
balance

δ=8 δ=6 δ=4 δ=2

Range of treatment assignments

Two-arm equal allocation:𝛿 = 𝑛஺ − 𝑛஻

Multi-arm equal allocation:𝛿 = 𝑚𝑎𝑥( 𝑛௝) − 𝑚𝑖𝑛( 𝑛௝)

Allocation Prediction Strategies 

1. Maximum probability: 𝑇 = 𝑗 if 𝑝̂௝ = max(𝑝̂௞)

2. Deterministic: 𝑇 = 𝑗 if 𝑝̂௝ = 1

3. Most vulnerable to selection bias? Unequal allocation: 𝛿 =?



Treatment Imbalance for Equal Allocation

Treatment Imbalance for trials with equal allocation = Range of assignments

𝛿 = 𝑚𝑎𝑥( 𝑛௝) − 𝑚𝑖𝑛( 𝑛௝)
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δ = 6

𝑟ଵ: 𝑟ଶ: 𝑟ଷ: 𝑟ସ: 𝑟ହ = 1: 1: 1: 1: 1

Range of assignments : 𝛿 = 6

Euclidian distance between 
expected and observed: 𝐸 = 4.77

Standard Deviation: 𝑆 = 2.39

Range of assignments : 𝛿 = 4



Allocation-adjusted Treatment Assignments

𝑛෤஻ =
௡ಳ

ଵ.ହ
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Treatment Imbalance = Allocation-adjusted assignment difference between the two arms

Complete random
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b. Permuted Block Design (𝑏 = 5)
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Treatment Imbalance for Two-arm Unequal Allocation

𝑛෤஺ =
௡ಲ

௥ಲ
,   𝑛෤஻ =

௡ಳ

௥ಳ

𝛿 = |𝑛෤஺  −  𝑛෤஻|
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Treatment Imbalance for Multi-arm Unequal Allocations

Treatment imbalance 
δ = 𝑚𝑎𝑥 𝑛෤௝ − 𝑚𝑖𝑛 𝑛෤௝

Allocation adjustment
𝑛෤௝ = 𝑛௝/𝑟௝
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Universal Measure for Treatment Imbalance

Multi-arm 
Irrational

Multi-arm 
Unequal

Multi-arm 
Equal

Two-arm 
Unequal

Two-arm 
EqualAllocation Scenario

1, 2, 31, 2, 31, 1, 11, 1.51, 1Target allocation

12, 15, 1911, 17, 257, 8, 99, 1612, 10Treatment Assignments

12, 10.61, 10.9711, 8.5, 8.337, 8, 99, 10.6712, 10Allocation-adjusted assignments

1.392.6721.672Treatment imbalance

Treatment imbalance = range of allocation-adjusted treatment assignments

δ = 𝑚𝑎𝑥 𝑛௝/𝑟௝ − 𝑚𝑖𝑛 𝑛௝/𝑟௝



Allocation Randomness and Prediction Strategies

Treatment assignments 
(𝑛ଵ, 𝑛ଶ, ⋯ , 𝑛௠) 

Target allocation 
(𝑟ଵ, 𝑟ଶ, ⋯ , 𝑟௠) 

Randomization algorithm
 𝛹

Conditional Allocation Probability
(𝑝̂ଵ, 𝑝̂ଶ, ⋯ , 𝑝̂௠) 

Deterministic prediction 

𝑝̂௞ = 1.0

Highest accuracy, lower frequency

Maximum probability prediction

𝑝̂௞ = max(𝑝̂ଵ, 𝑝̂ଶ, ⋯ , 𝑝̂௠)

Lower accuracy, high frequency

Convergent prediction 

𝑛௞

𝑟௞
= min(

𝑛ଵ

𝑟ଵ
,
𝑛ଶ

𝑟ଶ
, ⋯ ,

𝑛௠

𝑟௠
)

High frequency, high selection bias

[1]: Blackwell, D, Hodges, JL. Design for the Control of Selection Bias. Ann Math Stat. 1957; 28(2), 449–460. 



Definition of Selection Bias Risk

S𝐵𝑅 = 𝐸 ෍ 𝑣௝

𝑝̂௝ − 𝑝௝

1 − 𝑝௝
௝ୀଵ~௠

𝑝௝: target allocation probability for arm 𝑗.

𝑝̂௝: conditional allocation probability  for arm 𝑗 = prediction accuracy.

𝑣௝: frequency of prediction under the specific strategy.

𝑆𝐵𝑅 : selection bias risk

Example #1: 
Using complete randomization, 𝑝̂௝ ≡ 𝑝௝(𝑗 = 1,2, ⋯ , 𝑚). Therefore, S𝐵𝑅 = 0.

Example #2: 
Two-arm equal allocation trial, using permuted block design with block size 2, and deterministic prediction.
Assignments in odd places have 𝑝̂஺ = 𝑝̂஻ = 0.5; assignments in even places have 𝑝̂஺ = 1 or 𝑝̂஻ = 1. Therefore, S𝐵𝑅 = 0.5 



Example #3: Two-arm Trial with1:2 allocation Using PBD (b=6) 

Convergent PredictionDeterministic PredictionMaximum Probability𝛿 =
𝑛஺

𝑟஺
−

𝑛஻

𝑟஻

𝑝ො஺Allocation Block

OBBBBBOOBBBBBBBBBB0,1,2,1.5,1,0.51/3,1/5,0,0,0,0AABBBB1

OBBBBBOOOBBBBBBBBB0,1,0.5,1.5,1,0.51/3,1/5,1/4,0,0,0ABABBB2

OBBOBBOOOOBBBBBBBB0,1,0.5,0,1,0.51/3,1/5,1/4,1/3,0,0ABBABB3

OBBOABOOOOOBBBBBOB0,1,0.5,0,-0.5,0.51/3,1/5,1/4,1/3,1/2,0ABBBAB4

OBBOAAOOOOOABBBBOA0,1,0.5,0,-0.5,-11/3,1/5,1/4,1/3,1/2,1ABBBBA5

OABBBBOOOBBBBBBBBB0,-0.5,0.5,1.5,1,0.51/3,2/5,1/4,0,0,0BAABBB6

OABOBBOOOOBBBBBBBB0,-0.5,0.5,0,1,0.51/3,2/5,1/4,1/3,0,0BABABB7

OABOABOOOOOBBBBBOB0,-0.5,0.5,0,-0.5,0.51/3,2/5,1/4,1/3,1/2,0BABBAB8

OABOAAOOOOOABBBBOA0,-0.5,0.5,0,-0.5,-11/3,2/5,1/4,1/3,1/2,1BABBBA9

OAAOBBOOOOBBBBOBBB0,-0.5,-1,0,-0.5,0.51/3,2/5,1/2,1/3,0,0BBAABB10

OAAOABOOOOOBBBOBOB0,-0.5,-1,0,-0.5,0.51/3,2/5,1/2,1/3,1/2,0BBABAB11

OAAOAAOOOOOABBOBOA0,-0.5,-1,0,-0.5,-11/3,2/5,1/2,1/3,1/2,1BBABBA12

OAAAABOOOOOBBBOAOB0,-0.5,-1,-1.5,-0.5,0.51/3,2/5,1/2,2/3,1/2,0BBBAAB13

OAAAAAOOOOOABBOAOA0,-0.5,-1,-1.5,-0.5,-11/3,2/5,1/2,2/3,1/2,1BBBABA14

OAAAAAOOOOAABBOAAA0,-0.5,-1,-1.5,-2,-11/3,2/5,1/2,2/3,1,1BBBBAA15

A, B: Correct prediction A, B: Incorrect prediction O: No prediction



Example #3: Two-arm Trial with1:2 allocation Using PBD (b=6) 

Convergent 
Prediction

Deterministic 
Prediction

Maximum 
Probability 
Prediction

Assessment
Target Allocation 

Probability
Arm

19/33=57.6%6/6=100%8/9=88.9%Prediction Accuracy

𝑝஺ =
1

3
A 33/90=36.7%6/90=6.7%9/90=10%Prediction Frequency

0.1330.0670.083Selection Bias Risk

30/33=90.9%20/20=100%52/67=77.6%Prediction Accuracy

𝑝஻ =
2

3
B 33/90=36.7%20/90=22.2%67/90=74.4%Prediction Frequency

0.267
0.222

0.244Selection Bias Risk

0.4000.2890.328Selection Bias RiskOverall

Most vulnerable
prediction  

to selection bias



Universal Measure for Allocation Randomness 

Selection Bias Risk = Expected chance of making correct prediction above target 

allocation probability under the convergent prediction strategy

S𝐵𝑅 = 𝐸 ෍ 𝑣௝

𝑝̂௝ − 𝑝௝

1 − 𝑝௝
௝ୀଵ~௠



Complete Randomization

4 6 8 10 𝑛஻0 12
0

2

4

12

10

𝑛஺

2

8

6

1/2

1

0
13/4

Predictability (by color)

0.6

0.4

0.2

Fr
eq

ue
nc

y 
(b

y 
si

ze
) 0.8

100%

𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝐼𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒 >?

SBRPredictabilityFrequency

01/21

0Overall SBR

𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝐵𝑖𝑎𝑠 𝑅𝑖𝑠𝑘



Permuted Block Design, 1:1 Allocation, Block Size 6
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Block Urn Design, 1:1 Allocation, MTI = 3
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Replace blocks with maximum tolerated imbalance (MTI) boundaries. 

[2]: Zhao W, Weng Y. Block urn design - a new randomization algorithm for sequential trials with two or more treatments and balanced or unbalanced allocation. Contemp Clin Trials. 2011;32(6):953-961. 
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Big Stick Design, 1:1 Allocation, MTI = 3
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Use complete random assignments until achieved the maximum tolerated imbalance (MTI) boundary. 

[3]: Soares JF, Wu CF, Some restricted randomization rules in sequential designs. Commun Stat. 1983; 12:2017-2034.
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3.

Minimax Allocation Procedure
A new Randomization Algorithm



Evolution from Permuted Block to Big Stick

SBR = 0.367 SBR = 0.265 SBR = 0.167

Use maximum tolerated imbalance (MTI) to replace blocks.
Use minimal intervention, for ensuring MTI only.  



Define Minimax Allocation Procedure as:

With: Target allocation  𝑟 = 𝑟ଵ: 𝑟ଶ: ⋯ : 𝑟௠ where 1= 𝑟ଵ ≤ 𝑟ଶ ≤ ⋯ ≤ 𝑟௠.

Maximum tolerated imbalance ∆.

Current treatment assignments 𝑛ଵ, 𝑛ଶ, ⋯ , 𝑛௠.

Do: Step 1: For each arm 𝑗 = 1,2, ⋯ , 𝑚
Assume 𝑛௝ = 𝑛௝ + 1.

𝑝෤௝ = ቐ
0 if 𝑚𝑎𝑥

௡ೖ

௥ೖ
− 𝑚𝑖𝑛

௡ೖ

௥ೖ
>  ∆

𝑟௝ Otherwise

Step 2: Obtain conditional allocation probability  𝑝̂௝ =
௣෤ೕ

∑ ௣෤ೖ
೘
ೖసభ

Step 3: Assign current subject to arm 𝑗 if  ∑ 𝑝෤௞
௝ିଵ
௞ୀଵ > 𝑅𝑎𝑛𝑑 < ∑ 𝑝෤௞

௝
௞ୀଵ

From Big Stick Design to Minimax Allocation Procedure

For two-arm equal allocation, Minimax Allocation Procedure is equivalent to Big Stick Design. 



Trial Settings Beyond Two-arm Equal Allocation

Scenario #1
Two-arm Equal

1: 1

Easy
Scenario #2

Multi-arm Equal
1: 1: 1

Not hard

Scenario #3
Two-arm Unequal

2: 3  𝑜𝑟 1: 2

Challenging

Scenario #4
Multi-arm Unequal
2: 3: 4  𝑜𝑟  1: 2: 3

Tough



Minimax Allocation Procedure for Two-arm Unequal Allocations 

𝑛෤஻ =
𝑛஻

1.5
0 2 4 6 8

𝑛෤஺

0

2

4

8

6

δ = |𝑛෤஺ − 𝑛෤஻| = |
𝑛஺

1
−

𝑛஻

1.5
|

𝑛஺

𝑛஻0 3 6 9 12
0

2

4

8

6

allocation 𝑟஺: 𝑟஻ = 1: 1.5 
Maximum Tolerated Imbalance ∆=2 1. Define ∆ based on the allocation-adjusted assignments. 

∆=2

∆=
2

2. Use complete random assignment     by default. 

3. Use deterministic assignment     when δ = ∆.

4. Use deterministic assignment      to prevent δ > ∆.

(3, 5.333)

(3, 8)

2.333 > 2

After 𝑛஻ = 𝑛஻ + 1

𝑛෤஺, 𝑛෤஻

𝑛஺, 𝑛஻

δ

Current

(3, 7)

(3, 4.667)

1.4667



Treatment Imbalance for Equal Allocation

Treatment Imbalance for trials with equal allocation = Range of assignments

𝛿 = 𝑚𝑎𝑥( 𝑛௝) − 𝑚𝑖𝑛( 𝑛௝)

0

10

20

30

A

32
28

B

Arm

δ = 4

𝑛
𝑟஺: 𝑟஻ = 1: 1

0

10

20

30

1

32
28

26

31
29

2 3 4 5

Arm

δ = 6

𝑟ଵ: 𝑟ଶ: 𝑟ଷ: 𝑟ସ: 𝑟ହ = 1: 1: 1: 1: 1

Range of assignments :  𝛿 = 6Range of assignments :  𝛿 = 4



Minimax Allocation Procedure for Two-arm Unequal Allocations 

𝑛෤஺

0

2

4

8

6

𝑛෤஻ =
𝑛஻

1.732
0 1.732 3.464 5.196 6.928

δ = |𝑛෤஺ − 𝑛෤஻| = |
𝑛஺

1
−

𝑛஻

1.732
|

Baseline 
Data

Treatment 
Assignment

Outcome 
Data

Bayesian 
Adaptive 
Algorithm

Irrational Allocations in 
Response Adaptive Randomization  

Minimax Allocation Procedure (∆=3)

𝑛஺

𝑛஻0 3 6 9 12
0

2

4

8

6

allocation 𝑟஺: 𝑟஻ = 1: 1.732

1: 1.732

∆=3

∆=
3



Treatment Imbalance for Two-arm Unequal Allocation

𝑛෤஺ =
௡ಲ

௥ಲ
,   𝑛෤஻ =

௡ಳ

௥ಳ

𝛿 = |𝑛෤஺  −  𝑛෤஻|
0

10

20

30

A

21

28

B

Arm

δ = 7

𝑛 𝑟஺: 𝑟஻ = 1: 1.5

Raw Assignments
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𝑛෤ 𝑟̃஺: 𝑟̃஻ = 1: 1

Allocation-Adjusted Assignments

Allocation adjustment 
converts 
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to 

Equal Allocation



Treatment Imbalance for Multi-arm Unequal Allocations

Treatment imbalance 
δ = 𝑚𝑎𝑥 𝑛෤௝ − 𝑚𝑖𝑛 𝑛෤௝

Allocation adjustment
𝑛෤௝ = 𝑛௝/𝑟௝

0

10

20

40

30

1

23

28
26

31

36

2 3 4 5

Arm

𝑟ଵ: 𝑟ଶ: 𝑟ଷ: 𝑟ସ: 𝑟ହ = 1: 1.2: 1.25: 1.4: 1.65𝑛௝

Raw Assignments

δ

Allocation-Adjusted Assignments

δ

0

10

20

40

30

1

23

23
.3

33

20
.8

22
.1

43

21
.8

18

2 3 4 5

Arm

𝑛෤௝ 𝑟ଵ: 𝑟ଶ: 𝑟ଷ: 𝑟ସ: 𝑟ହ = 1: 1: 1: 1: 1

Range  𝛿 = 2.53



Number of treatment arms = 3Number of treatment arms = 2 

Minimax 
Allocation 
Procedure

Block Urn 
Design

Permuted 
Block 

Design

Threshold λ 

(block size b)

Target 
Allocation

r

Minimax 
Allocation 
Procedure

Block Urn 
Design

Permuted 
Block 

Design

Threshold λ 

(block size b)

Target 
Allocation

r

0.3360.4170.4171 (3)
(1, 1, 1)

0.50.50.51 (2)
(1, 1) 0.1860.2850.3672 (6)0.2500.3370.4172 (4)

0.1280.2340.2203 (9)0.1660.2650.3673 (6)
0.3510.4440.4441 (4)

(1, 1, 2)

0.2390.4170.4172 (5)

(1, 1.5) 0.2471.5 (na)0.1543 (na)
0.1630.2810.3632 (8)0.1100.2290.3234 (10)
0.2680.3830.3831 (5)

(1, 2, 2)
0.4450.50.51 (3)

(1, 2)
0.1260.2210.3042 (10)0.2050.3010.42 (6)

0.2570.3730.3771 (6)
(1, 2, 3)

0.1602.5 (na)
0.1140.2080.3152 (12)0.1310.2320.3453 (9)
0.3131.4 (na)

(1, 2, 3)
0.2822

(1, 2)
0.1882 (na)0.1713

Selection Bias Risk Comparison



Selection Bias Risk Comparison
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Minimax Allocation Procedure Summary

 Low allocation predictability.
 With maximum tolerated imbalance control.
 Applicable to all trial settings: two-arm or multi-arm; equal or unequal allocations.
 Easy to implement with explicit conditional allocation probability formula.

Complete random by default.
Intervene for MTI only.

Lowest predictability under 
convergent strategy.

𝐫 = 𝑟ଵ, 𝑟ଶ, ⋯ , 𝑟௠

where 𝑟௝ ∈ ℝା

Fixed allocation-adjusted 
treatment imbalance

Requires basic arithmetic 
+, -, x, /.



Minimax Allocation Procedure Is Not Perfect

 For treatment imbalance control only.

 Fixed imbalance threshold may cost allocation randomness for negligible benefit.

 Unconditional allocation probabilities not consistent across assignments in the allocation sequence. 



Thank you!
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Outline

1. Why block randomization is increasingly challenged
2. Mathematical perspective on restricted randomization
3. Maximum tolerated imbalance (MTI) framework
4. Practical alternatives to permuted block randomization
5. Predictability under equal MTI constraints
6. Implementation and take-home messages
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Why Rethink Permuted Block Randomization?
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Block Randomization Under Challenge

▶ Permuted block randomization has been widely used for decades because it controls
treatment imbalance tightly.

▶ In modern trials, that strong control can come at a cost: higher allocation
predictability.

▶ Predictability increases the risk of selection bias when treatment history can be
partially inferred.

▶ The core question is no longer only balance, but balance versus randomness and
robustness.
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Dynamic Allocation and Current Trial State

▶ Treatment assignment is sequential and depends on the current state of the trial.
▶ In blocked and stratified designs, assignment probabilities are influenced by current

within-block imbalance.
▶ Stratification adds another dynamic layer because covariate strata evolve over

enrollment.
▶ This dynamic dependence is shared by many restricted randomization designs, not

only permuted blocks.
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Mathematical Framing

7/27



randomiza�on working group

Restricted Randomization as a Dynamic Process

▶ Restricted randomization can be viewed as a stochastic process on imbalance states.
▶ At each step, the design updates assignment probabilities using current history.
▶ Design properties are therefore path-dependent, not just determined by the final

sample size.
▶ This framing helps compare designs on predictability, imbalance, and inferential

performance.
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Dependence on Treatment Balance and Stratum State

▶ Let Di = NC (i) − NE (i) denote treatment imbalance after subject i .
▶ In stratified settings, each stratum has its own imbalance trajectory.
▶ The next assignment probability is a function of the current imbalance state (and

potentially stratum).
▶ Strong correction toward Di = 0 improves balance but can make assignments easier

to guess.
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MTI-Based Design Strategy
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Maximum Tolerated Imbalance (MTI)

▶ MTI designs enforce a hard boundary on allowable imbalance: |Di | ≤ b.
▶ Inside the boundary, randomization is flexible; at the boundary, correction is

enforced.
▶ MTI provides a transparent tuning parameter for the balance-randomness trade-off.
▶ This gives a common framework to compare procedures at the same imbalance

tolerance.
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Visualization of the MTI tunnel
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Releasing Enforced Block-End Perfect Balance

▶ Permuted blocks force deterministic structure near the end of each block.
▶ MTI-based alternatives relax this block-end perfect balance requirement.
▶ The result is lower predictability while still controlling worst-case imbalance.
▶ In practice, this can reduce selection bias risk without sacrificing operational

simplicity.
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Alternative Designs
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Maximal Procedure

▶ The maximal procedure is an MTI-constrained restricted randomization design with
equi-probable randomization sequences and the contraint of final group balance

▶ It maximizes randomness subject to the imbalance bound, avoiding fixed block
structure.

▶ Under matched MTI constraints, it is less predictable than permuted block
randomization.

▶ It is a practical option when allocation concealment and anti-predictability as well
as exact final balance are priorities.

▶ Implementation requires knowing the target group sizes in advance.
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Big Stick Design

▶ Big Stick Design randomizes freely until the MTI boundary is reached.
▶ At the boundary, assignment is forced only to move imbalance back toward zero.

▶ As a result, sequences are not equi-probable, but the design is less predictable than
permuted blocks.

▶ This yields less deterministic behavior than permuted blocks while preserving MTI
control.

▶ Operationally, it is straightforward to implement with centralized randomization
tools.
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Implementation Simplicity and Practical Use

▶ Big Stick and maximal procedure designs are feasible for routine trial operations.
▶ They can be pre-specified in SAP/protocol language similarly to existing restricted

methods.
▶ Implementation burden is typically low with modern IWRS/IRT infrastructure.
▶ Design choice should be justified by expected bias risk, not convenience alone.
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Predictability Evidence
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Equal-MTI Comparisons Across Designs

▶ Fair comparisons should match designs on the same MTI level.
▶ For the permuted block design, the MTI is half the block size (e.g., MTI=2 for block

size 4).
▶ Under equal MTI, designs can differ meaningfully in allocation predictability.
▶ Literature shows that predictability is not an unavoidable consequence of imbalance

control.
▶ This supports selecting designs by properties, not by historical default.
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Notation
Let N be the total sample size, i the patient index, and t ∈ Ω := {0, 1}N a
randomization sequence, where

ti =
{

1 i is allocated to E
0 i is allocated to C

We call Ω the set of all sequences. For a sequence t,

NE (i) := NE (t, i) :=
i∑

j=1
tj

NC (i) := NC (t, i) := i −
i∑

j=1
tj

define the number of patients in groups E and C after i allocations.
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Predictability Metric: Correct Guesses
▶ In the situation of third order selection bias, the investigator can count NE (i) and

NC (i) respectively.

▶ Under the assumption that NE (N) = NC (N) for all t ∈ Ω it makes sense for the
investigator to guess

g(ti+1) =


0 NE (i) > NC (i)
Ber(0.5) NE (i) = NC (i)
1 NE (i) < NC (i),

following the so called convergence strategy.

▶ The number of correct guesses of a randomization sequence is then
CG(t) :=

∑N−1
i=1 g(ti+1), and the proportion of correct guesses is CG(t)/N.

(Blackwell and Hodges 1957)
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Visualization Correct Guesses
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Design Comparison with respect to Predictability
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Why Permuted Block Is Most Predictable Under MTI

▶ With fixed block structure, remaining allocations become progressively constrained.
▶ Near block completion, upcoming assignments can often be inferred with high

probability.
▶ Theoretical and empirical work shows permuted blocks are most predictable among

equal-MTI designs.
▶ Therefore, permuted blocks may be inferior when minimizing predictability is a

design priority.
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Conclusions
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Key Messages

▶ Balance control and allocation unpredictability should be considered jointly.
▶ Under equal MTI, permuted blocks are generally more predictable than alternatives.
▶ Big Stick and maximal procedure are practical, implementable, and often preferable

options.
▶ Moving beyond default blocked randomization can improve design robustness.
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Discussion

▶ Which trial settings in our portfolio are most vulnerable to selection bias?
▶ What MTI level is acceptable from a clinical and operational perspective?
▶ Should we update internal default randomization recommendations beyond

permuted blocks?

Blackwell, D., and J. Hodges. 1957. “Design for the Control of Selection Bias.” Annals
of Mathematical Statistics 25: 449–60.
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• Origins of Randomization Procedures / Implementation

• IRT Implementation

• Blocked Randomization

• Beyond the Blocks – MTI

• Beyond the List – Algorithms 
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Randomization Procedure Origins
Where it All Began………

1950s +

• Added Concealment
• Selection Bias Protection
• Procedure / Process

Sealed Envelopes

• 1st Blocked Randomization List
• Bradford Hill
• Added Controls for Imbalance
• Foreknowledge Risk

Blocked Randomization

1951

• 1st Randomization Schedule
• MRC streptomycin trial;

Bradford Hill
• No Blocks / Balance Controls

Random Numbers

1948

• 1st Rand Element; Coin Toss
• Amberson Tuberculosis Trial
• No Formal Schedule
• No Reproducibility

Coin Toss

1931



Randomization Schedules + Sealed Envelopes

But Not Perfect…..

• Data Integrity Risks –
Manipulation; Selection Bias; 
Unblinding

• Timing Accuracy / Delays

Human Reliance

• Challenging to do Multi-Site / 
Regions / Global Trials

Locally Executed

Groundbreaking for its time – adding Procedure, Controls for Imbalance / Concealment

• Data Entry
• Integrating Data – Rand Sites; 

Different Sources (e.g., CRF, labs)
• Medication Management

Manual Burden

• Primarily Blocked Randomization
• Basic Stratification
• Site Stratification (for different sites)
• Algorithms Rare because of complexity

Methodology LimitationsLimited Oversight

• No Audit Trail
• No Automated Controls
• No Governance



Randomization Implementation Evolution

The Journey From Physical Procedures to Governed Platforms

Increasing Complexity, Control and Assurance 

2010s-TODAY

Randomization Platform
• Complex Rand Algorithms
• Robust Automation
• Full Audit Trail / Governance
• Complex Data Integration

Modern IRT / RTSM

Web-Based Systems
• Central / Stratified
• Better Automation
• Eligibility Enforcement
• Better Data Integration

IWRS

2000s-2010s

Telephone-Based
• Centralized / Global Allocation
• Basic Automation
• Reduced Manipulation Risk 
• Limited Data Integration

IVRS

1990s-2000s

Manual Control
• Local Execution
• High Reliance on User
• Limited Oversight
• No Data Integration

Lists & Sealed Envelopes

1950s-1990s



IRT - Medication Management too!

DateTimeParticipantKitTypeKitNoSeqNo
Active20035100001
Active20008100002
Active20034100003
Active20001100004
Active20022100005
Active20009100006
Active20021100007
Active20023100008
Active20024100009
Active20033100010

Control20004200001
Control20014200002
Control20005200003
Control20013200004
Control20007200005

DateTimeParticipantTrtRandNo
Active10001
Active10002

Control10003
Control10004
Control10005
Active10006

Control10007
Active10008

Control10009
Active10010
Active10011

Control10012
Active10013
Active10014

Control10015

Randomization List Kit List

DateTimeParticipantTrtRandNo
22-Feb-2026 01:21101Active10001

Active10002
Control10003
Control10004
Control10005
Active10006

Control10007
Active10008

Control10009
Active10010
Active10011

Control10012
Active10013
Active10014

Control10015

DateTimeParticipantKitTypeKitNoSeqNo
22-Feb-2026 01:21101Active20035100001

Active20008100002
Active20034100003
Active20001100004
Active20022100005
Active20009100006
Active20021100007
Active20023100008
Active20024100009
Active20033100010

Control20004200001
Control20014200002
Control20005200003
Control20013200004
Control20007200005

DateTimeParticipantTrtRandNo
22-Feb-2026 01:21101Active10001
25-Feb-2026 11:18102Control10002

Control10003
Active10004

Control10005
Active10006

Control10007
Active10008

Control10009
Active10010
Active10011

Control10012
Active10013
Active10014

Control10015

DateTimeParticipantKitTypeKitNoSeqNo
22-Feb-2026 01:21101Active20035100001

Active20008100002
Active20034100003
Active20001100004
Active20022100005
Active20009100006
Active20021100007
Active20023100008
Active20024100009
Active20033100010

25-Feb-2026 11:18102Control20004200001
Control20014200002
Control20005200003
Control20013200004
Control20007200005

Performs Both Randomization and Medication Assignments

Medication Management: Shipments, Inventory, Resupplies, Etc.



IRT Medication Management Evolution

Modern 
IRT / RTSM

2010s-

Reached Full Regulatory Maturity –
End-to-End Supply Lifecycle  

IWRS

Became Standard –
Inventory & Logistics

2000s

IVRS

1st Entered Technology –
Dispensing & Resupply

Late 1990s

Schedules / 
Sealed Envelopes

Physically / Manually

Pre-1990

IRT – Effective Trial Medication Management

The Journey From Physical Procedures to Governed Platforms



Modern IRT Randomization Methods

List-Based Randomization Algorithm-Based Randomization

• Central (Study level)
• Stratified 
• Site-based 
• Blocked Randomization: 

• Fixed Blocks
• Variable / Mixed Blocks
• Pre-Allocated Stratification Blocks 
• On-Demand (dynamically) Allocated

• Maximum Tolerated Imbalance (MTI)
• Other 

• Response-Adaptive Randomization
• Minimization 

(Covariate Adaptive Randomization)
• Maximum Tolerated Imbalance (MTI)
• Backfill Adaptive Randomization Design (BARD)
• Custom Algorithms:

• Target-Based 
• Ratio-Based
• Hierarchical

• Other

A World of Randomization Methodologies – from Simple to Highly Complex



IRT List-Based Implementation
Example: Stratified Blocked Randomization 

DateTimePatientBlockNoTrtStratumRandNo

101Placebo1: Trt Naïve10001

101Active1: Trt Naïve10002

101Active1: Trt Naïve10003

101Placebo1: Trt Naïve10004

102Placebo1: Trt Naïve10005

102Placebo1: Trt Naïve10006

102Active1: Trt Naïve10007

102Active1: Trt Naïve10008

201Placebo2: Trt Experienced20001

201Active2: Trt Experienced20002

201Placebo2: Trt Experienced20003

201Active2: Trt Experienced20004

202Active2: Trt Experienced20005

202Placebo2: Trt Experienced20006

202Placebo2: Trt Experienced20007

202Active2: Trt Experienced20008

DateTimePatientBlockNoTrtStratumRandNo

101Placebo1: Trt Naïve10001

101Active1: Trt Naïve10002

101Active1: Trt Naïve10003

101Placebo1: Trt Naïve10004

102Placebo1: Trt Naïve10005

102Placebo1: Trt Naïve10006

102Active1: Trt Naïve10007

102Active1: Trt Naïve10008

22-Feb-2026 01:211201Placebo2: Trt Experienced20001

201Active2: Trt Experienced20002

201Placebo2: Trt Experienced20003

201Active2: Trt Experienced20004

202Active2: Trt Experienced20005

202Placebo2: Trt Experienced20006

202Placebo2: Trt Experienced20007

202Active2: Trt Experienced20008

List Generated Upfront / Loaded in IRT Participant 1 Randomized in IRT Blinded Confirmation

Unblinding Information Not 
Visible to Site or Participant 

Assign Next Available Record in 
Participant’s Stratum

Dispense Medication 
with KitNo from 

Confirmation



Beyond the Blocks

IRT can Implement much more than Blocked Randomization: Maximum Tolerated Imbalance (MTI) 

Many MTIs can be generated within a List:

• Maximal Procedure
• Asymptotic Maximal Procedure
• Chen's
• Big Stick Procedure
• Blocked Urn

• Like Blocked Randomization – can be generated through statistical software (SAS, R)
• National Institute of Health (NIH) National Cancer Institute’s 

Clinical Trial Randomization Tool - Generates MTI lists: 
https://prevention.cancer.gov/ctrandomization/



IRT List-Based Implementation
Example: Big Stick, MTI 3* 

Arm 2 
Posterior 

Totals

Arm 1 
Posterior 

Totals

Arm 1:Arm 2 
Posterior 

Imbalance

Assigned 
Arm Index

Arm 2 
Probability

Arm 1 
Probability

Arm 1:Arm 2 
Prior 

Imbalance
TreatmentStratumRandNo

10120.500000.500000Arm 21: High10001
11010.500000.500001Arm 11: High10002
21120.500000.500000Arm 21: High10003
22010.500000.500001Arm 11: High10004
32120.500000.500000Arm 21: High10005
42220.500000.500001Arm 21: High10006
52320.500000.500002Arm 21: High10007
53210.000001.000003Arm 11: High10008
01-110.500000.500000Arm 12: Low20001
02-210.500000.50000-1Arm 12: Low20002
03-310.500000.50000-2Arm 12: Low20003
13-221.000000.00000-3Arm 22: Low20004
14-310.500000.50000-2Arm 12: Low20005
24-221.000000.00000-3Arm 22: Low20006
25-310.500000.50000-2Arm 12: Low20007
35-221.000000.00000-3Arm 22: Low20008

List Generated Upfront

DateTimePatientTreatmentStratumRandNo

Arm 21: High10001
Arm 11: High10002
Arm 21: High10003
Arm 11: High10004
Arm 21: High10005
Arm 21: High10006
Arm 21: High10007
Arm 11: High10008
Arm 12: Low20001
Arm 12: Low20002
Arm 12: Low20003
Arm 22: Low20004
Arm 12: Low20005
Arm 22: Low20006
Arm 12: Low20007
Arm 22: Low20008

*Example List generated using: Clinical Trial Randomization Tool." The National Cancer Institute's Division of 
Cancer Prevention, https://prevention.cancer.gov/ctrandomization/. Accessed 1 May. 2026.

Required Columns Loaded into IRT Participant 1 Randomized in IRT Blinded Confirmation

DateTimePatientTreatmentStratumRandNo

25-Mar-2026 02:281Arm 21: High10001
Arm 11: High10002
Arm 21: High10003
Arm 11: High10004
Arm 21: High10005
Arm 21: High10006
Arm 21: High10007
Arm 11: High10008
Arm 12: Low20001
Arm 12: Low20002
Arm 12: Low20003
Arm 22: Low20004
Arm 12: Low20005
Arm 22: Low20006
Arm 12: Low20007
Arm 22: Low20008

Assign Next Available Record in 
Participant’s Stratum

Dispense Medication 
with KitNo from 

Confirmation



Beyond the List - Algorithms

Advanced Randomization Algorithms existed 
well Before Technology

Response Adaptive Randomization and Minimization were used in clinical trials in 1970s
Before Technology, implementing Algorithms had Challenges and Limitations

Modern IRT brings us Beyond the List:
• To effectively Implement Algorithms 
• Alleviating these Challenges and Limitations



Implementing RAR without IRT

• List / Envelopes Set with 
Initial Probabilities / Ratio

• Manually Assigns

Initial Randomization

• Limited Oversight
• High Human Reliance, etc.
• Human Errors

Challenges / Limitations

• Site Collects Patient Responses
• Manually Integrates with Rand Data
• Sends to Statistician

Participant Response Data

• Applies Algorithm / 
Calculates New Probabilities

• Maps to Block Size / New List

RAR Algorithm

• Distribute to Site(s)
• Assign from New List

Implement New List

• Manual Burdens for Data Entry & 
Integrating Rand / Response Data

• Human Errors

Challenges / Limitations

• Block Size Mapping –
Less Precise than 
Probabilities

Challenges / Limitations

• Human Delays
• Human Errors

Challenges / Limitations



RAR Assignment Probabilities

Assignment 
ProbabilitiesTreatment

0.50000A

0.50000B

What are Assignment Probabilities?

Initial Probabilities Fixed / 
Defined in Protocol 

Updated by RAR Algorithm Based on 
Patient Response Data

How are Probabilities Determined?

Probability of Participants being Assigned to a Treatment

• 50% Chance of Assignment to A
• 50% Chance of Assignment to B



RAR Probabilities + Mapping

Assignment 
ProbabilitiesTreatment

0.50000A

0.50000B

Simple: 
• Easily Maps to 1:1 ratio / Block Size 4
• Achieves Same as Probabilities

BlockNoTreatmentRandNo
101Placebo10001
101Active10002
101Active10003
101Placebo10004

Assignment 
ProbabilitiesTreatment

0.75871A

0.24129B

Assignment 
ProbabilitiesTreatment

0.54231A

0.07523B

0.12478C

0.25768D

Not as Simple: 
• Round / Map to 4:1 ratio, Block Size 5
• Not as Precise as Probabilities

BlockNoTreatmentRandNo
101Active10001
101Active10002
101Active10003
101Placebo10004
101Active10008

Complex:
• Challenging or not possible to map to ratio or acceptable block size
• Rounding can further deviate from expected allocation
• Instead – utilize probabilistic assignment approach with use of Random Numbers



Random Numbers + Probabilities

ProbabilitiesRandom Numbers

Random 
NumberSeqNo

0.8980210001

0.6545210002

0.3043610003

0.7240910004

0.6921610005

0.7621810006

0.0173910007

0.8633110008

0.4405810009

0.5277010010

Determine Current 
Probabilities

Assignment 
ProbabilitiesTreatment

0.50000A

0.50000B

Cumulative 
Probabilities

Assignment 
ProbabilitiesTreatment

0.500000.50000A

1.000000.50000B

Calculate 
Cumulative 
Probabilities

Cut-Off RangesCumulative 
Probabilities

Assignment 
ProbabilitiesTreatment

0.00001-0.500000.500000.50000A

0.50001-1.000001.000000.50000B

Derive 
Cut-Off 
Ranges

List Generated & 
Loaded Upfront in IRT

If Rand Number is within
0.00001-0.50000:

Then Assign A 

If Rand Number is within
0.50001-1.00000:

Then Assign B

Assignment Logic

Assign Next Available 
Rand Number to Participant 

Compare Rand Number to 
Each Cut-Off Range to 
Determine Assignment 



IRT Probabilistic Assignment

Probabilities

Cut-Off RangesCumulative 
Probabilities

Assignment 
ProbabilitiesTreatment

0.00001-0.500000.500000.50000A

0.50001-1.000001.000000.50000B Treatment 
AssignedCut-Off RangeParticipantRandom 

NumberSeqNo

10.8980210001

0.6545210002

0.3043610003

0.7240910004

0.6921610005

0.7621810006

0.0173910007

0.8633110008

0.4405810009

0.5277010010

Assign Next Record 
Identify 
Cut-Off 
Range

Assign 
Treatment

Treatment 
AssignedCut-Off RangeParticipantRandom 

NumberSeqNo

0.50001-1.0000010.8980210001

0.6545210002

0.3043610003

0.7240910004

0.6921610005

0.7621810006

0.0173910007

0.8633110008

0.4405810009

0.5277010010

Treatment 
AssignedCut-Off RangeParticipantRandom 

NumberSeqNo

B0.50001-1.0000010.8980210001

0.6545210002

0.3043610003

0.7240910004

0.6921610005

0.7621810006

0.0173910007

0.8633110008

0.4405810009

0.5277010010

Assignment



RAR with IRT & Other Systems

RAR Probabilities
Data Integration

Applies Algorithm 
for Treatment 
Assignments

Electronic Data Capture 
Collects Participant 

Response Data

Applies Algorithm 
for Adjusting 
Probabilities

Responses &
Trt Assignment

Data Integration

Trt Assignment
Data Integration

 Able to Utilize Probabilities
 Real-Time Probabilities Updates
 No Time Delays

 Reduces human error 
 Alleviates manual burdens
 Full audit trail / governance 



Minimization without IRT

Differs from RAR –
Probabilities depend on accumulated data 
and current state of imbalance

• High Manual Efforts

• Logistical Issues
• Dependent on Statistician’s Availability

• Potential Timing Manipulation

• Fragmented record keeping

• Human Error
• Limited Oversight

Challenges / Limitations

• Collects Participant Data
• Stratification Factor Levels
• Manually Enters Data
• Calls Statistician to Rand

Site Personnel

• Manually Perform Imbalance 
Calculations / Apply Minimization 

• Provide Treatment Assignment
• Record Data Manually

Statistician



Minimization with IRT

TreatmentRandom 
Number

Trt B
Cut-Off Range

Trt A 
Cut-Off Range

Cumulative 
Prob B

Cumulative 
Prob A

Prob BProb AMATH!T2DMAgeParticipant

A0.12340.50001-1.000000.00000-0.500001.000000.500000.500.50Yes<601

B0.56120.00000-0.800000.80001-1.000000.800000.200000.800.20Yes<602

B0.89130.50001-1.000000.00000-0.500001.000000.500000.500.50No<603

Identify 
Baseline 
Details Execute

Imbalance 
Calculations

Determine 
Probabilities Based 
on Imbalance Rules Calculate 

Cumulative 
Probabilities

Determine 
Treatment

Cut-Off Ranges
Assign 

Random 
Number

Minimization can be fully implemented within IRT
IRT Logic is programmed to:

Assign 
Trt



Minimization with IRT

IRT unifies algorithm logic, execution, and a full audit trail into a single governed system.

Automated Data Entry Real-Time Minimization 
Algorithm Execution

Immediate Treatment 
Assignment Full Audit Trail

 No Human Reliance High Quality  No Time Delays  Governance



Modern IRT: Randomization Functionality

Specific Purposes / Protocol Objectives

• Replacement Randomization
• Re-Randomization
• Multi-Step Randomization
• Multi-Phases / Multi-Stages
• Capping 

(e.g., Cohort, Strata, Subgroup, Treatment)
• Forced Randomization 

(Medication Management)

A World of Randomization Capabilities with IRT Functionality

Adaptive Design Features

• Cohort Management / Dose Finding / Dose Optimization
• Adaptive Trial Designs / Complex Innovative Designs / 

Master Protocols
• Eligibility Controls:

(e.g., Site, Participant, Protocol Approval)  
• Treatment Adaptations

(e.g., Add New / Pause / Reopen / Close 
Adjust Ratios or Probabilities)

In Addition to a World of Randomization Methodology Possibilities with IRT



Modern Day Challenges / Recommendations

Lack of Knowledge / Awareness

Vendor Capabilities / Expertise

Regulatory Concerns

Timelines / Budget

Resources out there to learn more! 
Randomization Working Group: 
https://randomization-wg.org/
https://www.linkedin.com/groups/14441166/

Build 
Knowledge

Assess 
Vendors

Engage

Plan
Start discussions early with stakeholders / vendors
• Determine if any additional time is needed
• Determine if any additional costs are needed
• Account for additional efforts within timelines and budget

Check vendor capabilities (if able to implement methodology)
Check Biostats Expertise of methodology implementation   
(through IRT vendor, in house, or external Biostats vendor)

Keep up to date on Regulatory guidance
Engage with Regulatory early / reach out with questions
Ensure Biostats support with Regulatory Knowledge



Conclusion

With Modern IRT and Effective Planning

We have a World of Randomization Possibilities! 
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