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Using the FDA Orphan Drug Database (https://www.accessdata.fda.gov/scripts/opdlisting/oopd/), we identified all orphan drugs that have been approved from January 2000 to December 2015. The orphan drugs were sorted randomly and the top 100 drugs were selected for the purpose of this analysis. 
In order to obtain a list of non-orphan drugs, use the Drugs@FDA database (http://www.accessdata.fda.gov/scripts/cder/daf/) and download all approvals from January 2000 to December 2015. Approvals related to orphan drugs, new formulations, new manufacturers, new dosage forms and over the counter switches were eliminated from this list. This list was sorted randomly, and the first 100 drugs were selected for the analysis to constitute the “non-orphan” drugs.
Table 1: Variable names and descriptions derived from the datasets under analysis
	Variable description
	Variable name

	
	Non-orphan
	Orphan

	Mean number of trials by phase per approved drug
	ad,i, 
	ao,i

	Mean number of subjects enrolled by phase
	nd,i
	no,i

	Mean trial duration by phase

	td,i
	to,i


 Where i = 1,2 or 3 representing phase 1, 2 and 3 respectively. 
Based on the variables above, we then calculated the average cost per trial phase for non-orphan drugs, cd,i, using the following formulas:
cd,i = ad,i x nd,i x bd,i
Similarly, the average cost per trial phase for orphan drugs was calculated by:
co,i = ao,i x no,i x bo,i
The variables bd,i and bo,i represents the per patient cost for non-orphan drugs for phase i and the per patient cost for orphan drugs for phase i. Our dataset did not have information on bc,i and bo,i. Therefore, we relied on external sources for this information. Biopharmaceutical Industry-Sponsored Clinical Trials: Impact on State Economies’ report contained the following information in 2013 USD for all drugs [1]. 
	Phase 
	Average per patient Clinical trial costs, USD 2013

	1
	38,500

	2
	40,000

	3
	42,000



Another report by EvaluatePharma has recently reported on the average cost of phase 3 trials and corresponding average patient numbers for common and rare diseases [2]. Based on this data, the cost per patient for phase 3 clinical trials was calculated to be 2.5x higher for orphan drugs versus non-orphan drugs. Given the lack of further data in this area, we used 2.5 multiplier for phase 2 and 3 and the cost per patient for phase 1 was assumed to be the same between the two groups. 
	Variable
	Value (2013 USD)

	bc,1

	38,500

	bc,2
	40,000

	bc,3
	42,000

	bo,1

	38,500

	bo,2
	100,000

	bo,3
	105,000




Once the cd,i and co,i were calculated for each phase, we then calculated the expected cost for each trial phase for each non-orphan and orphan groups:
E(cd,1) = cd,1
E(cd,2) = sd,1-2 x cd,2
E(cd,3) = sd,1-2 x sd,2-3 x cd,2
Where sd,1-2 and sd,2-3 represents respectively the probability of success for moving from phase 1 to 2 and 2 to 3 for non-orphan drugs. These transition probabilities take into account the successful and unsuccessful trials at each phase. 
DiMasi et al includes a similar calculation when calculating the cost of drug development per approved drug. Our dataset only includes information on successful trials. When calculating this expected costs, we have made the assumption that the trial characteristics (number of trials by phase, number of subjects involved and trial duration) are the same for successful and unsuccessful trials. 
The data on transition probabilities were derived from Hay et al [3]. Their work included transition probabilities for all drugs and orphan drugs separately. For the purpose of our analysis, we have included the transition probabilities for all drugs as reflecting non-orphan drugs:  
	Variable
	Hay et al, 2014 [3]
	DiMasi et al, 2016 [4]

	sd,1-2
	64.5%
	59.52%

	sd,2-3
	32.4%
	35.52%

	sd,3-f
	60.1%
	61.95%

	sd,f-a
	83.2%
	90.35%

	so,1-2
	86.8%
	

	so,2-3
	70.0%
	

	so,3-f
	66.9%
	

	so,f-a
	81.0%
	



Variables sd,3-f and sd,f-a represent the probability of success of going from phase 3 to regulatory filing and regulatory filing to approval respectively. The transition probabilities for all drugs from Hay et al are similar to the DiMasi et al 2016 transition probabilities. 
In order to determine the out-of-pocket clinical period cost per approved new drug, we used the following formula:
Out-of-pocket clinical period cost per approved drug = [E(cd,1) + E(cd,2) + E(cd,3)]/[ sd,1-2 x sd,2-3 x sd,3-f x sd,f-a]
In order to include the opportunity cost of funds invested in new chemical entity research and development for a full cost estimate, we then capitalized the mean phase costs to the point of marketing approval. 
The total length of time (in days) from phase 1 to regulatory approval, T, was calculated as follows for the non-orphan and orphan groups:
Td = td,1 + td,2 + td,3 + td,f-a
To = to,1 + to,2 + to,3 + to,f-a
The values for td,1, td,2, td,3, to,1, to,2 and to,3  were calculated based on this dataset. The variable tc,f-a represents time from filing to approval. The average time for FDA standard review was obtained from the FDA (12 months). Since some orphan drugs may be eligible for priority review (~ 6 months) we took a sample of our orphan drug dataset to see the proportion approved via priority review. It was found that ~60% of OD reviews were priority and therefore we applied a weighted approval time of 10 months for orphan drugs. 
Using an interest rate of 10.5% per annum as per the methods in DiMasi et al [4], we then calculated the capitalized mean phase costs:
cd,1,c= cd,1 [ 1 + [(Td)*(0.105/365)]]
cd,2,c = cd,2 [ 1 + [(Td – td,1)*(0.105/365)]]
cd,3,c = cd,3 [ 1 + [(Td – td,1 – td,2)*(0.105/365)]]
Similarly, the capitalized mean phase costs for the orphan group was also calculated. 
For each group, the capitalized expected phase costs were then calculated. 
E(cd,1,c) = cd,1,c
E(cd,2,c) = sd,1-2 x cd,2,c
E(cd,3,c) = sd,1-2 x sd,2-3 x cd,3,c
The capitalized clinical period cost per approved new drug can be estimated by:
Capitalized clinical period cost per approved non-orphan drug = [E(cd,1,c) + E(cd,2,c) + E(cd,3,c)]/[ sd,1-2 x sd,2-3 x sd,3-f x sd,f-a]
Capitalized clinical period cost per approved orphan drug = [E(co,1,c) + E(co,2,c) + E(co,3,c)]/[ so,1-2 x so,2-3 x so,3-f x so,f-a]
The variability in results were assessed with sensitivity analysis around many of the data parameters as seen in the table below. 
Table: Inputs for sensitivity analyses 
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Parameter Variable 

name

Base case valueSource Alternative 

values

Source

Phase 1, non-orphan

a

d,1

1.06Dataset, all data 0.64Dataset, restricted

Phase 2, non-orphan

a

d,2

1.05Dataset, all data 0.78Dataset, restricted

Phase 3, non-orphan

a

d,3

3.5Dataset, all data 2.68Dataset, restricted

Phase 1, orphan

a

o,1

1.53Dataset, all data 0.75Dataset, restricted

Phase 2, orphan

a

o,2

2.56Dataset, all data 1.43Dataset, restricted

Phase 3, orphan

a

o,3

1.93Dataset, all data 1.24Dataset, restricted

Phase 1, non-orphan

n

d,1

65Dataset, all data 63Dataset, restricted

Phase 2, non-orphan

n

d,2

235Dataset, all data 222Dataset, restricted

Phase 3, non-orphan

d,3

698Dataset, all data 748Dataset, restricted

Phase 1, orphan

n

o,1

65Dataset, all data 67Dataset, restricted

Phase 2, orphan

n

o,2

93Dataset, all data 99Dataset, restricted

Phase 3, orphan

n

o,3

246Dataset, all data 196Dataset, restricted

Phase 1, non-orphan

b

d,1

38,500Batelle, 2015

Phase 2, non-orphan

b

d,2

40,000Batelle, 2016

Phase 3, non-orphan

b

d,3

42,000Batelle, 2017

per patient cost for orphan drugs as a multiplier for phase 2 and 3 b

o

2.5Based on EvaluatePharma report

1.5assumption

3.5assumption

Phase 1, non-orphan

t

d,1

624Dataset, all data 497Dataset, restricted

Phase 2, non-orphan

t

d,2

849Dataset, all data 816Dataset, restricted

Phase 3, non-orphan

t

d,3

771Dataset, all data 727Dataset, restricted

Time from filing to approval 

t

d,a

365calculation based on FDA review times

Phase 1, orphan

t

o,1

1198Dataset, all data 1030Dataset, restricted

Phase 2, orphan

t

o,2

1463Dataset, all data 1094Dataset, restricted

Phase 3, orphan

t

o,3

1506Dataset, all data 1155Dataset, restricted

Time from filing to approval, orphan 

t

o,a

305calculation based on FDA review times

Probability of success phase 1 to 2, non-orphan s

d,1-2

0.645

Hay et al, 2014 0.5952DiMasi et al, 2016

Probability of success phase 2 to 3, non-orphan s

d,2-3

0.324

Hay et al, 2014 0.3552DiMasi et al, 2016

Probability of success phase 3 to filing, non-orphan

s

d,3-f

0.601

Hay et al, 2014 0.6195DiMasi et al, 2016

Probability of success filling to approval, non-orphan  s

d,f-a

0.832

Hay et al, 2014 0.9035DiMasi et al, 2016

Overall probability of succes, non-orphan  s

d,s

0.104

Hay et al, 2014 0.1183DiMasi et al, 2016

Probability of success phase 1 to 2, orphan 

s

o,1-2

0.868

Hay et al, 2014 +/-20%Assumption

Probability of success phase 2 to 3, orphan 

s

o,2-3

0.7

Hay et al, 2014 +/-20%Assumption

Probability of success phase 3 to filing, orphan 

s

o,3-f

0.669

Hay et al, 2014 +/-20%Assumption

Probability of success filling to approval, orphan 

s

o,f-a

0.81

Hay et al, 2014 +/-20%Assumption

Overall probability of succes, orphan  s

o,s

0.329

Hay et al, 2014

Discount Rate (%), annual 10.50%DiMasi, 2016 3%Light, DW, 2011

7%Prasad et al, 2017

Phase 1/2 trials categorized as phase 2 and phase2/3 categorized as phase 3
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