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ABSTRACT 

Title of Dissertation: Medical Costs of Alpha-1 Antitrypsin Deficiency-associated 

Chronic Obstructive Pulmonary Disease in the United States  

Jan Sieluk, Doctor of Philosophy, 2018  

Dissertation Directed by: C. Daniel Mullins, PhD, Professor and Chair, PHSR 

Department 

 

Objectives:  The objective of this study was to isolate the healthcare resource utilization 

and economic burden attributable to the presence of a genetic factor among Chronic 

Obstructive Pulmonary Disease (COPD) patients with and without Alpha-1 Antitrypsin 

Deficiency (AATD), twelve months before and after their initial COPD diagnosis. 

  

Methods:  Retrospective analysis of OptumLabs® Data Warehouse claims (OLDW; 

2000 – 2017). The OLDW is a comprehensive, longitudinal real-world data asset with de-

identified lives across claims and clinical information. AATD-associated COPD cases 

were matched with up to 10 unique non-AATD-associated COPD controls. Healthcare 

resource use and costs were assigned into the following categories: office (OV), 

outpatient (OP), and emergency room visits (ER), inpatients stays (IP), prescription drugs 

(RX), and other services (OTH). A generalized linear model was used to estimate total 

pre- and post-index (initial COPD diagnosis) costs from a third-party payer’s perspective 

(2018 USD) controlling for age, gender, race/ethnicity, census region, augmentation 

therapy use, oxygen use, insurance type, year of COPD diagnosis, and Charlson 

Comorbidity Score. Healthcare resource utilization was estimated using a negative 

binomial regression.  



 

 

 

Results:  The study population consisted of 8,881 patients (953 cases matched with 7,928 

controls). The AATD-associated COPD cohort had higher expenditures and use of OV 

and OTH services, as well as OV, OP, ER, RX, and OTH before and after the index date, 

respectively. Adjusted total cost ratios for AATD-associated COPD patients as compared 

to controls were 2.036 [95% CI: 1.601 – 2.590] and 1.976 [95% CI: 1.550 – 2.517] while 

the incremental cost difference totaled $6,861 [95% CI: $3,025 - $10,698] an $5,772 

[95% CI: $1,940 - $9,604] per patient before and after the index date, respectively. 

  

Conclusions: Twelve months before and after their initial COPD diagnosis, patients with 

AATD incur higher healthcare utilization costs that are double the cost of similar patients 

without AATD. This study also suggests that increased costs of AATD-associated COPD 

are not solely attributable to augmentation therapy use. Future studies should further 

explore the relationship between augmentation therapy, healthcare resource use, and 

other AATD-associated COPD expenditures.  



 

 

Medical Costs of Alpha-1 Antitrypsin Deficiency-associated Chronic Obstructive 
Pulmonary Disease in the United States 

 
 
 
 
 
 

by 
Jan Sieluk 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the 
University of Maryland, Baltimore in partial fulfillment 

of the requirements for the degree of 
Doctor of Philosophy 

2018



 

 

©Copyright 2018 by Jan Sieluk 
All rights reserved   



 

iii 

 

 

 

 

 

To my Parents 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 



 

iv 
 

Table of Contents 

1. OVERVIEW ................................................................................................................ 1 

1.1 Specific Aims and Hypotheses ............................................................................. 1 

1.2 Rationale and Significance ................................................................................... 3 

1.2.1 The unique considerations of Alpha-1 Antitrypsin Deficiency (AATD) ....................... 5 

1.3 Research Goals .......................................................................................................... 8 

1.4 Research Objectives .................................................................................................. 9 

1.5 Summary of Significance & Innovation............................................................. 10 

2. BACKGROUND ....................................................................................................... 11 

2.1  Alpha-1 Antitrypsin Deficiency ......................................................................... 11 

2.1.1  Definition and diagnosis ........................................................................................ 11 

2.1.2  Epidemiology and diagnostic delay of AATD ...................................................... 15 

2.1.3 Comparison of AATD-associated COPD and non-AATD-associated COPD ...... 18 

2.1.4  Augmentation Therapy .......................................................................................... 20 

2.1.5  Cost-of-Illness Studies in AATD .......................................................................... 24 

2.2 Chronic Obstructive Pulmonary Disease (COPD) ............................................. 26 

2.2.1 Definition and Diagnosis ....................................................................................... 26 

2.2.2 Epidemiology of COPD in the U.S. ...................................................................... 29 

2.2.3 Management of COPD .......................................................................................... 33 

2.2.4 Cost-of-Illness Studies in COPD ........................................................................... 36 

2.3 Genetics, Genomics, and Personalized Medicine .............................................. 38 

2.4 Rare Diseases and Orphan Drugs ....................................................................... 41 

2.5 Cost Estimation and Cost-of-Illness (COI) Framework ..................................... 44 

2.5.1 Censored cost data ................................................................................................. 49 

3 THEORETICAL FRAMEWORK ............................................................................. 52 

4 RESEARCH DESIGN AND METHODS ................................................................. 54 

4.1  Aim 1: The cost of genetic medicine in Chronic Obstructive Pulmonary Disease 
during the peri-diagnostic period: a case study of Alpha-1 Antitrypsin Deficiency. .... 54 

4.1.1 Data source ............................................................................................................ 55 

4.1.2 Study design and variables .................................................................................... 55 



 

v 
 

4.1.3 Univariate statistics ............................................................................................... 57 

4.1.4 Multivariate analyses ............................................................................................. 58 

4.1.5 Sensitivity analyses ............................................................................................... 60 

4.2 Aim 2: The cost of genetic medicine in chronic obstructive pulmonary disease: a 
case study of Alpha-1 Antitrypsin Deficiency. ............................................................. 61 

4.2.1 Data Source ........................................................................................................... 61 

4.2.2. Study design and variables .................................................................................... 61 

4.2.3 Covariate- and censor-adjusted cost analysis ........................................................ 63 

4.2.4 Sensitivity analyses ............................................................................................... 64 

4.3  Aim 3: The trend in the total cost of Alpha1-proteinase inhibitors in the United 
States: 2004 to 2017. ..................................................................................................... 65 

4.3.1 Data source ............................................................................................................ 65 

4.3.2 Study design and variables .................................................................................... 65 

4.3.4 Statistical analyses ................................................................................................. 66 

4.3.4 Sensitivity analysis ................................................................................................ 68 

5 RESULTS: Aim 1 ...................................................................................................... 69 

5.1 Population characteristics and matching ............................................................ 69 

5.2 Healthcare resource utilization: matched cohorts .............................................. 73 

5.3 Healthcare resource utilization: multivariate analyses ....................................... 75 

5.4 Incremental costs ................................................................................................ 78 

5.5 Sensitivity Analysis ............................................................................................ 83 

6. RESULTS: Aim 2 ......................................................................................................... 84 

6.1 Population characteristics and matching ............................................................ 84 

6.2 Covariate-adjusted and censor-adjusted cost analysis ....................................... 84 

6.3 Sensitivity analysis ............................................................................................. 89 

7. RESULTS: Aim 3 ......................................................................................................... 98 

7.1 Population characteristics ................................................................................... 98 

7.2 Augmentation therapy: cost and number of users over time .............................. 98 

7.3 Interrupted Time Series: Results ...................................................................... 101 

7.4 Sensitivity Analysis .......................................................................................... 109 

8. DISCUSSION .......................................................................................................... 113 



 

vi 
 

9. OVERALL CONCLUSIONS, IMPLICATIONS, AND FUTURE RESEARCH ..... 122 

10. APPENDIX 1. Aim 1: Healthcare utilization model diagnostics. ............................ 127 

11. APPENDIX 2. Aim 1: Demographic and clinical characteristics of study cohorts after 
matching.  ............................................................................................................ 128 
 

12. APPENDIX 3. Aim 1: Covariates used in the negative binomial model. ................ 129 

13. APPENDIX 4. Aim 1: GLM Diagnostics. ................................................................ 130 

14. APPENDIX 5. Aim 2: Demographic and clinical characteristics of study cohorts after 
matching.  ............................................................................................................ 133 
 

15. REFERENCES ......................................................................................................... 134 

  

 
 



 

vii 
 

 
List of Tables 

Table 1. Classification of COPD patients based on existing airflow limitation. .............. 28 

Table 2. Definitions of rare diseases by frequency, prevalence, and region. ................... 41 

Table 3. Timing between AATD and COPD diagnoses stratified by time horizons 

analyzed. ........................................................................................................................... 70 

Table 4. Demographic and clinical characteristics of study cohorts at the index date. .... 72 

Table 5. Healthcare resource utilization per patient stratified by Alpha-1 status within 12 

months before the index date. ........................................................................................... 73 

Table 6. Healthcare resource utilization per patient stratified by Alpha-1 status within 12 

months after the index date. .............................................................................................. 74 

Table 7. IRRs and attributable effect of Alpha-1 Antitrypsin Deficiency on health care 

resource utilization before the index date. ........................................................................ 76 

Table 8. IRRs and attributable effect of Alpha-1 Antitrypsin Deficiency on health care 

resource utilization after the index date. ........................................................................... 77 

Table 9. Incremental cost difference: point estimates. ..................................................... 79 

Table 10. Attributable effect of Alpha-1 Antitrypsin Deficiency on health care resource 

costs before the index date. ............................................................................................... 81 

Table 11. Attributable effect of Alpha-1 Antitrypsin Deficiency on health care resource 

costs after the index date. .................................................................................................. 82 

Table 12. Demographic and clinical characteristics of study cohorts (at the index date). 86 

Table 13. Inverse-probability weighted regression adjusted cost calculations for non-

AATD-associated COPD patients..................................................................................... 87 



 

viii 
 

Table 14. Inverse-probability weighted regression-adjusted cost calculations for AATD-

associated COPD patients. ................................................................................................ 88 

Table 15. Cost ratios over time attributable to the presence of AATD. ........................... 91 

Table 16. Cost ratios over time attributable to the use of augmentation therapy. ............ 92 

Table 17. Incremental cost attributable to the use of augmentation therapy. ................... 93 

Table 18. KMSA: Calculations for non-AATD-associated COPD patients. .................... 94 

Table 19. KMSA: Calculations for AATD-associated COPD patients. ........................... 95 

Table 20. Summary of the mean 5-year total direct medical costs for controls using four 

different cost censoring adjustments. ................................................................................ 96 

Table 21. Summary of the mean 5-year total direct medical costs for cases using four 

different cost censoring adjustments. ................................................................................ 97 

Table 22. Demographic characteristics of augmentation cohort (at the index date). ....... 99 

Table 23. ITS: The impact of Glassia marketing approval on Prolastin's cost. .............. 102 

Table 24. ITS: The impact of Glassia marketing approval on Zemaira's cost. ............... 104 

Table 25. ITS: the impact of Glassia marketing approval on Aralast's costs. ................ 107 

Table 26. Sensitivity analysis: the impact of Glassia's approval on Prolastin's cost among 

AATD-COPD patients. ................................................................................................... 110 

Table 27. Sensitivity analysis: the impact of Glassia's approval on Aralast's cost among 

AATD-COPD patients. ................................................................................................... 111 

Table 28. Sensitivity analysis: the impact of Glassia's approval on Zemaira's cost among 

AATD-COPD patients. ................................................................................................... 112 

Table 29. Aim 1: Demographic and clinical characteristics of study cohorts after 

matching. ......................................................................................................................... 128 



 

ix 
 

Table 30. Aim 1: GLM Diagnostics: AIC and BIC. ....................................................... 130 

Table 31. Aim 2: Demographic and clinical characteristics of study cohorts after 

matching. ......................................................................................................................... 133 

 



 

x 
 

List of Figures 

Figure 1. The number of COPD deaths in the United States stratified by gender. ........... 30 

Figure 2. The number of COPD deaths in the United States among White Caucasians. . 31 

Figure 3. The number of COPD deaths in the United States among African-Americans. 31 

Figure 4. The number of COPD deaths in the United States among Hispanics. .............. 32 

Figure 5. The number of COPD deaths in the United States among other ethnicities. .... 32 

Figure 6. The theoretical framework of the relationships between environment, 

population characteristics, health behavior and outcomes among patients living with 

AATD-associated COPD.295 ............................................................................................. 53 

Figure 7. Aim 1: Study design. ......................................................................................... 56 

Figure 8. Aim 1: Cohort identification flowchart. ............................................................ 71 

Figure 9. Aim 2: Cohort identification flowchart. ............................................................ 85 

Figure 10. The number of AUG users and the corresponding annual AUG and OTH 

treatment costs. ............................................................................................................... 100 

Figure 11. ITS: The impact of Glassia marketing approval on Prolastin's cost. ............. 103 

Figure 12. ITS: The impact of Glassia marketing approval on Zemaira's cost. ............. 105 

Figure 13. ITS: The impact of Glassia marketing approval on Aralast's cost. ............... 108 

Figure 14. Histogram illustrating the distribution of deviance residuals for the GLM used 

to estimate health care costs before the index date. ........................................................ 131 

Figure 15. Q-Q plot of the deviance residuals of the total pre-index cost GLM model. 131 

Figure 16. Histogram illustrating the distribution of deviance residuals for the GLM used 

to estimate health care costs after the index date. ........................................................... 132 

Figure 17. Q-Q plot of the deviance residuals of the total post-index cost GLM model.132 



 

xi 
 

List of Abbreviations 

AAT  Alpha-1 Antitrypsin Protein 

AATD  Alpha-1 Antitrypsin Deficiency 

ADMAPP Alpha-1 Disease Management and Prevention Program 

AIC  Akaike’s Information Criterion 

ATS  American Thoracic Society 

AUG  Augmentation therapy 

BIC  Bayesian Information Criterion 

CCI  Charlson Comorbidity Index 

CHF  chronic heart failure 

CI  Confidence Interval 

COI  cost of illness 

COPD  Chronic Obstructive Pulmonary Disease 

CPT  Current Procedural Terminology 

CRC  Colorectal cancer 

DHHS  Department of Health and Human Services 

DNA  Deoxyribonucleic acid 

ER  Emergency Room Visit 

ERS  European Respiratory Society 

FAD  Familial Alzheimer’s Disease 

FDA  Food and Drug Administration 

FEV1  Forced Expiratory Value in one second 

FVC  Forced vital capacity 



 

xii 
 

GOLD  the Global Initiative for Chronic Obstructive Lung Disease 

GEE  Generalized Estimating Equations 

GLM  Generalized Linear Model 

HER2  Human epidermal growth factor receptor 2 

HPP  Health Plan Paid 

HCPCS The Healthcare Common Procedure Coding System 

ICD-9-CM International Classification of Disease, 9th revision, Clinical Modification 

ICD-10-CM International Classification of Disease, 10th revision, Clinical Modification 

ICS  inhaled corticosteroids 

ITS  Interrupted Time Series design 

IP  Inpatient Stay(s) 

KMSA  Kaplan-Meier Sample Average Estimator 

MAP  MYH-associated Polyposis 

mMRC Modified British Medical Research Council 

MODY Maturity-Onset Diabetes of the Young 

NIH  National Institutes of Health 

OP  Outpatient Visit (Office Visit in a hospital setting) 

OOP  Out-of-Pocket 

OV  Office Visit 

PDE4  Phosphodiesterase-4 

IPW  Covariate adjusted Inverse Probability Weighting Estimator 

RMSE  Root Mean Squared Error 

RX  prescription drug 



 

xiii 
 

R&D  research and development 

SD  standard deviation 

MSE  mean standard error



 

1 
 

1. OVERVIEW 

 

1.1 Specific Aims and Hypotheses 

 
Aim 1: To analyze direct medical costs among AATD-associated COPD and non-AATD-

associated COPD patients within 12 months before and after receiving their initial COPD 

diagnosis from third-party payers’ perspective.  

Hypothesis 1: Patients with AATD utilize more healthcare resources (incurring 

higher direct medical costs) as compared to patients without AATD within 12 

months before diagnosis. 

Hypothesis 2: Patients with AATD-associated COPD utilize more healthcare 

resources (incurring higher direct medical costs) as compared to patients with 

non-AATD-associated COPD within 12 months after diagnosis.  

Aim 2A: To calculate the incremental cost difference between AATD-associated COPD 

and non-AATD-associated COPD.  

Hypothesis 3: Patients with AATD-associated COPD incur higher costs than 

patients with non-AATD-associated COPD from a third-party payer’s 

perspective.  

Aim 2B: To investigate the cost drivers of AATD-associated COPD versus non-AATD-

associated COPD.  

Hypothesis 4: Augmentation therapy is the major driver of cost differences 

between patients with AATD-associated COPD versus non-AATD associated 

COPD from a third-party payer’s perspective. 
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Aim 3: Trend analysis – to evaluate how cost drivers for AATD-associated COPD 

patients have changed over the last 14 years.  

Hypothesis 5: There is a decreasing trend in absolute AATD augmentation 

therapy costs over the last 14 years. 
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1.2 Rationale and Significance 

“The trouble with our times is that the future is not what it used to be”  

—Paul Valéry 
 

Patients, clinicians, and policy-makers agree that there is no such thing as “one size 

fits all” medicine. This is particularly true when the causes of a disease and the best 

treatment approach are related to biology and genomics.1 Patients with rare forms of 

diseases often use different treatments. Unfortunately, the rare forms of disease are often 

associated with treatments that are more expensive. Patients with rare, genetic diseases 

may, therefore, have to pay more for their healthcare and may need to see more 

specialists. 

Along with advancements in genomic medicine, it has been recognized that diseases 

with genetic components may require a different approach to diagnosis, management, and 

treatment, as compared to diseases without known inheritable components.1 For instance, 

patients with HER2-positive breast cancer are managed differently as compared to 

women with triple-negative disease;2,3 patients with Early-onset Familial Alzheimer’s 

Disease (FAD) may expect to experience first symptoms of the disease earlier in their 

lifetime as compared to patients without FAD;4,5 patients with Maturity-Onset Diabetes 

of the Young (MODY diabetes) require different diagnostic and treatment modalities as 

compared to patients with diabetes mellitus type I or type II6,7 (various genetic factors 

have also been linked to differential timing of the onset of diabetes type I and II);8,9 

patients with MYH-associated polyposis require thorough medical scrutiny due to an 

almost 100% risk of developing colorectal cancer before reaching the age of 65;10,11 

patients with Alpha-1 Antitrypsin Deficiency (AATD) who developed Chronic 
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Obstructive Pulmonary Disease (AATD-associated COPD) may need augmentation 

therapy, not indicated for COPD patients with normal serum levels of Alpha-1 

Antitrypsin protein (AAT);12-20 due to inheritable genetic components, certain patients 

may be more likely than others to suffer from cardiovascular conditions,21-23 cancer3,24,25 

or alcoholism,26,27 offering a new dimension in preventative and palliative medicine.9,28  

In addition, among the youngest patients, it was estimated that 1 in 5 infant deaths in 

the United States, 35% of pediatric inpatient stays and over 50% of healthcare service 

costs among the youngest patients are attributable to genetic causes.9,29 Genetic disorders 

were also linked to increased health resource use and costs due to 40% longer hospital 

stays in children.29 

Since genetic forms of diagnosis may drive differences in healthcare resource 

utilization,30 it is expected that such diseases would differ from a cost standpoint. In a 

broader perspective, understanding economic burden attributable to genetic factors is 

especially important given that about 80% of rare diseases have genetic causes.31  
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1.2.1 The unique considerations of Alpha-1 Antitrypsin Deficiency (AATD) 
 
 

“[…] As we know, there are known knowns; there are things we know we know. We also 
know there are known unknowns; that is to say we know there are some things we do not 
know. But there are also unknown unknowns – the ones we don’t know we don’t know.”  

 
—Donald Rumsfeld  

 
Alpha-1 antitrypsin deficiency (AATD) is an autosomal, co-dominant condition that 

most commonly affects lungs, causing a number of health-related problems.32 Other 

names for AATD found in the literature are: A1AT, AATD, AAD, alpha-1 protease 

inhibitor deficiency, alpha-1 related emphysema, genetic emphysema, hereditary 

pulmonary emphysema and inherited emphysema.33 Nonetheless, not all patients with 

AATD will develop symptoms like COPD or cirrhosis. The presence of a symptomatic 

disease depends on AAT phenotype.14 With more than a hundred identified phenotypes 

(i.e. severe ZZ phenotype),34 so-called augmentation therapy has been the only available 

treatment for patients with lung manifestations of AATD for the past decades. 

AATD is a rare genetic disease although it remains the most common inherited risk 

factor for early-onset COPD, especially among homozygous ZZ patients.35,36 AATD may 

severely impair health of an individual by causing chronic airway obstruction, severe 

liver problems and possibly conditions that require dermatologist’s attention.32,37,38  

Previously, the only way to conduct a rare disease cost study was through patient 

surveys. Today, however, a large enough sample from a claims database belonging to one 

of the largest insurers in the United States offers a new, one-of-a-kind opportunity to 

study this rare disorder. A claims database contains administrative data on the use of 

healthcare resources (diagnostics, treatments, providers visited, and prescription drugs 

prescribed) and medical expenditures among beneficiaries enrolled in a health plan.39,40 



 

6 
 

For the first time, a large claims database of privately insured patients will be utilized to 

study the contemporary AATD-associated COPD healthcare resource use and costs. 

Whereas prior cost studies conducted in the United States merely estimate the total 

cost of AATD care, this study delineates the cost difference between treating AATD-

associated COPD from the more prevalent form of COPD. Despite abundant COPD cost-

of-illness (COI) literature, there is no understanding of contemporary healthcare resource 

utilization and costs of the genetic variant of COPD in the United States; it remains 

unclear for third-party payers as to how such patients drive their spending, both within 

the peri-diagnostic period and within years after the initial COPD diagnosis claim. 

An analysis of health care use and costs before and after the initial COPD 

diagnosis claim may be enlightening, as AATD patients suffer from diagnostic delay of 

8.3 years (SD: 6.9) from the occurrence of a first symptom.41,42 Delayed diagnosis may 

lead to adverse disease sequelae, unwanted psychosocial effects and significant economic 

burden on the U.S. healthcare system. The severity of AATD under-recognition coupled 

with relatively high disease prevalence and raising awareness regarding AATD-

associated diseases warrants understanding trends, economic consequences and 

management costs on the national level and dissemination of corresponding scientific 

findings. 

The significance of isolating costs that are attributable to a genetic form of COPD is 

also that it underscores how medical necessity (AATD-associated COPD) and access to 

expensive treatments (augmentation therapy) can co-exist in a value-based healthcare 

environment. This assumption would prove true if this study detected and documented 

the unique healthcare needs among patients with AATD-associated COPD. In addition, in 
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order to align with contemporary trends in genomics and personalized medicine, an 

incremental costing approach will help to better isolate an economic burden attributable 

to the presence a genetic factor.  

Currently marketed augmentation therapies for AATD-associated COPD (Prolastin-

C, Zemaira, Glassia, Aralast-NP)43-46 do not carry orphan drug designations (no tax 

credits for clinical testing), are costly, require chronic administration and the clinical 

efficacy/effectiveness of these products have not been well-established. In the presence of 

the lack of clinical efficacy data (FDA’s marketing authorization was granted based only 

on biochemical efficacy),43-47 it is expected that augmentation therapy costs would 

decrease when a new augmentation product enters the market.48 Therefore, the third aim 

of this study documents trends in augmentation therapy costs, investigating new 

mechanisms in the setting of a rare disease infusible biologics. Such analysis can carry 

the potential to unveil healthcare inefficiencies in the era of skyrocketing expenditures, 

by investigating and disseminating the impact of infusible biologic agents on overall 

healthcare costs and a health plan’s spending.49-51 While rising healthcare expenditures 

are generally associated with market entrance of new interventions,51-53 little is known of 

cost trends and patterns that govern pharmaceutical markets for intravenous biological 

products used to manage a rare disease. 
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1.3 Research Goals 

“Fiat iustitia – ruat caelum“ 
 

—Roman legal proverb 
 

 

The long-term goal of this analysis is to improve the welfare of AATD-associated 

COPD patients and assure that those affected have access to affordable and timely 

evidence-based care to manage their disease. The timely medical care among AATD 

patients could pertain to establishing proper diagnoses at the time of a first symptom 

occurrence or without a significant diagnostic delay.42 The evidence-based care could 

pertain to an accessible and affordable health services, as well as well-tested and 

efficacious interventions with acceptable risk-benefit portfolio to manage individuals 

with AATD and AATD-associated COPD diseases using the best available evidence.54 

To achieve this goal, a unique patient’s needs have to be investigated, documented 

and disseminated. As such, this research also aligns with the Goal 3 of the AATD sub-

section of the National COPD action plan initiated by the National Institutes of Health, 

achieved by collecting and analyzing data “to monitor the prevalence, care and treatment 

of people with AATD”.55 
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1.4 Research Objectives  
 

“Valeant, inquit, valeant cives mei“ 
 

- Marcus Tullius Cicero 
 

The primary objective of this analysis is to deepen understanding of differences in 

the healthcare resource utilization and economic burden between patients who have 

AATD-associated COPD in the context of the more prevalent form of COPD (non-

AATD-associated COPD). Secondary objectives include the analysis of the cost trends of 

augmentation therapy among AATD patients between 2004 – 2017. 

In a broader perspective, the cost estimates will serve as an evidence-based resource 

for third-party payers, disease management programs, healthcare professionals, and 

policymakers.  The results of this analysis will explain drivers of a healthcare system 

budget due to AATD-associated COPD, help better isolate the economic burden 

attributable to the presence of a genetic factor, lay foundations for future full economic 

evaluations and provide cost inputs for mathematical and econometric models.52,56  
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1.5 Summary of Significance & Innovation 
 
 
 This doctoral dissertation evaluates contemporary healthcare resource utilization 

and costs of the genetic variant of COPD (AATD-associated COPD) in the 

context of the more prevalent form of a disease (non-AATD-associated COPD). 

 Previously, the only way to conduct a rare disease cost study was through patient 

surveys. A large enough sample from a claims database belonging to one of the 

largests insurer in the United States offers a new, one-of-a-kind opportunity to 

study this rare disease. For the first time, a large claims database of privately 

insured patients will be utilized to study AATD-associated COPD. 

 An incremental costing approach will help align with contemporary trends in 

genomics and personalized medicine to better isolate economic burden 

attributable to a genetic factor.  

 Changes over time in rare disease management (augmentation) costs will be 

documented for the period 2004 – 2017 in the United States. 
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2. BACKGROUND 

        “Verba volant, scripta manent” 

                    - Latin proverb  

2.1  Alpha-1 Antitrypsin Deficiency 
 
2.1.1  Definition and diagnosis 

 

Alpha-1 antitrypsin deficiency is an autosomal, co-dominant condition that most 

commonly affects lungs, causing a number of health-related problems.32 Other names for 

AATD found in the literature are: A1AT, AATD, AAD, alpha-1 protease inhibitor 

deficiency, alpha-1 related emphysema, genetic emphysema, hereditary pulmonary 

emphysema and inherited emphysema.33 AATD is associated with the development of 

emphysema and chronic bronchitis, which may be collectively described as the Chronic 

Obstructive Pulmonary Disease; less frequently associated with cirrhosis (in patients over 

50 years of age and among infants – fulminant neonatal hepatic syndrome), 

hepatocellular carcinoma, vasculitis and rarely skin diseases like necrotizing 

panniculitis.36,37,47,57,58 However, the link between AATD and dermatologic ailments has 

yet to be proven in larger studies.57  

The A1AT is a serine protease inhibitor produced in the liver.59 Its main role in the 

human body is to inhibit the activity of neutrophil elastase, an enzyme with proteolytic 

activity. Imbalances between proteases and antiproteases can lead to damage to alveolar 

structures, and this represents the mechanism of lung disease due to AATD.37 

The A1AT plays an essential role in controlling the inflammation process, during 

which the activity of neutrophil elastases negatively affects the connective tissue of the 

lungs; the mechanism of the liver disease is different.57,60 The structure of the liver 



 

12 
 

deteriorates through fibrosis due to Z alpha-1 antitrypsin polymerization and consecutive 

accumulation.57,61  

Nonetheless, not all patients with AATD will develop symptoms like COPD or 

cirrhosis. The presence of a symptomatic disease depends on inherited alleles, which 

becomes the so-called AAT phenotype if expressed.14 With more than a hundred 

identified phenotypes, so-called augmentation therapy has been the only available 

treatment for patients with lung manifestations of AATD for the past decades.62 It is 

based on intravenous administration of pooled human plasma antiprotease in order to 

replete the A1AT levels.  

Currently, more than 100 different alleles have been identified,62 and a four-level 

categorization with respect to the AATD allele variant was proposed:37,63  

1. Normal serum levels of A1AT (~80-220 mg/dl); 

2. Low serum levels of A1AT (<80 mg/dl), which can be accompanied by a 

decreased functional activity of A1AT (e.g. Z allele). This category accounts for 

about 95% of AATD cases;  

3. No circulating A1AT (i.e. null variants);  

4. Variants with distorted and altered A1AT function.  

The most popular screening method for AATD is the assessment of circulating 

AATD levels using nephelometer, genotyping by allele-specific amplification or 

extracting genomic DNA.37  

Currently, the ATS together with the ERS recommend testing for AATD among:64 

 All adults with symptomatic emphysema or COPD regardless of smoking 

history; 
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 All adults with symptomatic asthma whose airflow obstruction is 

incompletely reversible after bronchodilator therapy;  

 Asymptomatic patients with persistent obstruction on pulmonary function 

tests with identifiable risk factors like smoking or occupational exposure;  

 Siblings of individuals diagnosed with AATD.  

 
Unfortunately, AATD remains under-diagnosed and under-recognized hereditary 

disorder, even though effective screening and genetic testing have become available.47 As 

a result, it appears that only a subset of AATD patients is correctly diagnosed and 

referred to proper treatment.65 This is one of the reasons why rare disease research faces 

challenges ahead: in certain cases, diagnosis, management, and treatment pose substantial 

difficulties;66,67  

AATD has also been mentioned in the COPD National Action Plan with the 

following five goals proposed, and this research endeavor aligns with Goal 3:55  

“Goal 1: Develop outreach communication to include messages that 

focus on risk factors like AATD; 

Goal 2: Develop a clinical decision tree and other tools to improve 

ways to identify people at risk including testing for AATD; 

Goal 3: Develop standardized data-collection to monitor the 

prevalence, care, and treatment of people with AATD; 

Goal 4: Improve methods for earliest detection and diagnosis, and 

develop effective strategies for preventing the onset and progression 

of AATD; 
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Goal 5: Develop an easily accessible resource guide to research-

funding opportunities increasing awareness of AATD to 

researchers.”55  
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2.1.2  Epidemiology and diagnostic delay of AATD 
 

Two epidemiologic approaches can be distinguished in terms of AATD prevalence 

assessment:  

1. The direct approach, based on genetic screening studies. The results of 

those studies suggest there are about 70,000 patients with PI*ZZ 

phenotype (severe deficiency) in the U.S.37  

2. The indirect approach, based on already published prevalence data 

extrapolated to the total population at risk with the use of the Hardy-

Weinberg Equilibrium principle.68,69 Based on this approach, it is 

estimated that within 75% of the world population, there are 173,430 

and 1,011,069 individuals with phenotypes PI*ZZ and PI*SZ, 

respectively.70,71 

While the true prevalence of AATD and AATD-associated COPD remains elusive 

(and sometimes inconsistent) due to large differences across regions,57 some frequency 

estimates are as follows: 

 1 in 1,600 patients of Scandinavian descent;58 

 1 in 2,500 among Western Europeans;57  

 1 in 4,455 – 4,700 people of European descent;37,72 and 

 1 in 5,000 – 5,500 North American patients.14   

AATD is under-recognized by clinicians which results in the average diagnostic 

delay of up to 8.3 +/- 6.9 years since the occurrence of a first symptom.41,42,47 Delayed 

diagnosis may lead to adverse disease sequelae, unwanted psychosocial effects and 

economic costs incurred by the U.S. healthcare system. The under-recognition of AATD 
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among physicians has been compounded due to several reasons, mainly because patients 

with AATD exhibit inconsistent or non-specific symptoms while some patients remain 

asymptomatic.42,57 In some cases, AATD-associated health problems might be correctly 

categorized as other diseases, such as COPD, liver problems (including cirrhosis and 

hepatocarcinoma) and dermatologic disorders in rare instances (such as vasculitis and 

panniculitis).37,57 Nonetheless, both AATD-associated COPD and non-AATD-associated 

COPD patients can suffer from the same disease (specifically panlobular subtype of 

emphysema, even though underlying pathophysiologic factors and the impact of effect 

modifiers as smoking may differ).57,73 Moreover, disease signs may not develop 

concomitantly, clinical manifestations may vary across patients and healthcare 

professionals, as well as a lay audience, may be not fully aware of the clinical 

significance of AATD and AATD-associated diseases.31,42,57  

These concerns are heightened as COPD is the third leading cause of death in the 

U.S,74 with over 200 million patients worldwide.75 Therefore, it is important to consider 

that up to 3% of COPD patients have undetected AATD (other estimates range from 

0.5% to 6.1%).14,37,38,73,76-78 Additionally, more than 10% of COPD patients carry a single 

abnormal Alpha-1 allele, although it has been estimated that only up to 10% of all AATD 

cases have been identified.79,80 This could, at least conceptually, result in adverse 

psychosocial effects among patients and most likely, misdiagnosis and a significant 

economic burden to the U.S. healthcare system.47,81  

In 2009, COPD caused 133,965 deaths in the U.S.74 Assuming that 1-5% of 

COPD patients develop the disease due to AATD, about 1,300-6,500 deaths in 2009 and 

cumulatively, 13,600-68,000 deaths between 1999 and 2009 would be attributable to 
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AATD-associated COPD in the United States.74,82 Such approximations can be 

underestimated, as up to 50% of COPD cases may not be diagnosed.83,84 In the case of 

AATD, these numbers could potentially challenge the somewhat common belief that the 

burden of a single rare disease is negligible.85  
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2.1.3 Comparison of AATD-associated COPD and non-AATD-associated COPD 
 

Given that COPD is an umbrella term, both AATD-associated COPD and non-

AATD-associated COPD patients suffer from the same disease, even though underlying 

pathophysiologic factors may differ.57 However, AATD patients may experience an 

earlier onset of COPD as compared to patients without COPD, usually before reaching 40 

years of age in patients with severe deficiency.57,86,87 A faster disease progression 

(expressed as a decline in FEV1 values) among AATD patients was also observed, 

especially among smokers.14,47,88 At the same time, while younger AATD-associated 

COPD patients do not tend to exhibit worse HRQoL nor mental health outcomes in terms 

of anxiety and depression, they report worse HRQoL as compared to older AATD-

associated COPD patients.88-93  

From both clinical and research points of view, if non-AATD-associated COPD 

patients are matched with AATD-associated COPD patients using lung function values, it 

would be found that the AATD group tends to be significantly younger.76 Similarly, if 

matching on a smoking history, it would be found that the Alpha-1 group exhibits a 

worse lung function for a given pack-years of smoking.76 As a consequence of AATD 

patients being younger, they tend to have fewer concomitant illnesses than the older non-

AATD-associated COPD patients do. Nevertheless, one European study found that after 

matching on age and gender, AATD patients had more comorbidities as compared to 

non-AATD patients.94   

For the purpose of this analysis, it is important to consider that up to 3% of COPD 

patients can have undetected AATD82 and more than 10% carry a single abnormal Alpha-
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1 allele,95 while approximately only 10% of all AATD cases have been identified.96 

Another study reported that up to 10% of COPD patients may be A1AT deficient.14  

Except for expensive augmentation therapy administered in order to restore normal 

proteinase inhibitor levels, both groups of patients exhibit very similar COPD symptoms 

and receive the same medications for their lung disease. However, it is not clear whether 

a different treatment should be used among AATD patients, due to a routine exclusion of 

this patient subgroup from clinical trials of COPD medications.47 As such, it is not known 

whether the efficacy of COPD medications is generalizable to AATD-associated COPD 

patients.87  
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2.1.4  Augmentation Therapy 
 

“That is the essence of science: ask an impertinent question, and you are on the way to 
the pertinent answer.”  

- Jacob Bronowski 
 

Augmentation therapy (alpha1-proteinase inhibitor; A1-PI) is a biopharmaceutical 

product that belongs to a broader group of plasma protein therapies. A biopharmaceutical 

product (biologic medicine) means a product manufactured with the application of 

biotechnological methods and processes, using living organisms and/or biological 

substrates. In comparison to small chemicals obtained by the means of organic synthesis, 

biopharmaceuticals are complex molecules that can reach the molecular mass of several 

hundred or even thousands times bigger as compared to small molecule drugs.  

Currently, there are four formulations of alpha-1 proteinase inhibitors available in 

the U.S. market: Prolastin-C (formerly Prolastin) first marketed in 1988,45 Zemaira and 

Aralast NP (formerly Aralast) approved by the FDA in 2002 and 2003, respectively;43,46 

as well as Glassia, approved in 2010.44 The FDA recommends a weekly dose of 60 mg/kg 

body weight.43-47 For the purpose of augmentation therapy assessment, the following 

objective measures are reported in the literature: the rate of FEV1 decline, change in lung 

density as confirmed by high-resolution computer tomography, the frequency of 

exacerbations, and changes in functional measures.13,15,17,18,37,97-101  

Currently marketed A1-PI therapies are approved for chronic augmentation and 

maintenance therapies in adults with A1-PI deficiency and clinical evidence of 

emphysema.43-46 The efficacy and effectiveness of augmentation products were assessed 

in observational studies, clinical trials, and meta-analyses.15,19,99,100,102-109 Two clinical 

trials were conducted. The first, 3-year randomized clinical trial included 56 non-
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smoking subjects and failed to capture statistically significant differences in the rate of 

FEV1 decline among AATD-associated COPD patients receiving augmentation therapy 

once a month compared to patients receiving placebo.13 The second, 2.5-year clinical trial 

with 67 participants also failed to capture any differences in lung density, as well as in 

FEV1 decline and in diffusing capacity (DLCO) test.110  

In the recent meta-analysis by Chapman et al., the results from one randomized 

clinical trial, three observational studies and one abstract were analyzed. Augmentation 

therapy was shown to reduce the decline in FEV1 by 13.4 mL per year (95% CI: 1.5 

mL/year – 25.3 mL/year; p = 0.012), although the magnitude of the effect may depend on 

baseline FEV1 values.106  

Another meta-analysis based on two randomized controlled trials has shown that 

augmentation therapy, as compared to no intervention, reduces the lung density change as 

assessed by computer tomography (-4.08 g/L vs -6.38 g/L; p-value =0.006).107  

Although these studies show the effectiveness of augmentation therapy using 

clinical measures, a reduction in the risk ratio of mortality also was observed (RR = 0.64; 

p = 0.002).108,111 However, the mortality data were obtained from a registry, not a 

randomized clinical trial.  

While a published open-label follow-up study report provides support for the use 

of augmentation therapy 112 and another suggests the use of augmentation therapy among 

severely deficient AATD-associated COPD individuals,113 the Cochrane Collaboration 

exercises caution and does not recommend its use.114 This is due to not only 

methodological issues but also due to non-reporting of secondary outcomes, lack of data 

and multiple significant conflicts of interests among reporting investigators.114  
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The potential benefits (or lack of thereof) of augmentation can be confounded by 

several factors. For example, various phenotypes have been associated with different 

health outcomes, hence the severity of the disease can be driven by highly heterogeneous 

genetic makeup or environmental factors like smoking status and history.36,57,115  

Additionally, even though advancements in understanding the pathophysiology of 

AATD and AATD-associated diseases have been achieved,116,117 the natural history of 

AATD and AATD has not been fully explained yet and unknown protective factors 

against the disease exist.57,118,119 As such, making firm conclusions regarding the 

effectiveness of augmentation therapy is currently debated and rather elusive at the time 

of this study.80 Another issue related to the augmentation efficacy studies is the relatively 

low prevalence of use, as it was found that only 13% of AATD patients receive 

augmentation products.120 

Currently, new pharmaceutical forms are investigated to improve the delivery of 

A1-PI therapies. Examples include inhaled A1-PI therapies (to date without success) or 

gene therapies based on the intramuscular injection of recombinant virus (rAAV-CB-

hAAT) with some success.80,121 The recent advances also include findings from the 

Genomic Research in Alpha-1 Antitrypsin Deficiency and Sarcoidosis (GRADS) based 

on molecular phenotyping of subjects with AATD, potentially leading to an identification 

of gene expression changes associated with A1-PI therapies, identification of lung 

microbiome differences among AATD patients and identification of a biomarker 

(mannose-binding lectin) of AATD disease severity.122,123  

In addition, due to the relatively recent market introduction of new augmentation 

therapy products, it is hypothesized that the real-world augmentation costs dropped over 
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the past two decades due to market competition with Prolastin (which has more than 60% 

of the current market share both in the U.S. and worldwide).124 

Everything considered, it is troubling that many patients with AATD are unaware 

that their diagnosis may be linked to a genetic factor and that augmentation therapy, may 

assist in slowing down the progression of their disease.43-46 As a result, patients with 

AATD-associated COPD may not receive appropriate treatment, fail to use all options 

available at the time of a medical need or experience worse health outcomes.42,57  
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2.1.5  Cost-of-Illness Studies in AATD 
 

 

While there is a large literature on the cost cost-of-illness studies in COPD, 

contemporary U.S. cost estimates for AATD-associated COPD remain unavailable. In 

addition, an estimate of the economic burden attributable to the presence of a genetic 

factor in the context of a more prevalent form of the respiratory disease has not been 

calculated. The literature on costs of a disease with a genetic component remains scarce 

and it is yet unknown whether patients with a genetic predisposition to a disease incur 

higher costs as compared to patients living without known monogenic factors. In a 

personalized medicine era, from an economic standpoint, understanding diseases with 

genetic components is important in order to unveil differences in disease progression, 

management, and outcomes. 

In previous U.S.-based research, it was found that the mean annual cost estimates 

ranged between $20,673 and $30,948 per patient, depending on the phenotype.125 The 

mean annual cost for patients receiving α1-antiprotease was $40,123 (median $36,000) in 

2001.125  

A recent European study found no difference between augmentation users and non-

users in terms of HRQoL, with costs of augmentation therapy equal to €72,000 in 

2017.126 

In one Monte Carlo Simulation (MCS), from a third party-payer’s perspective and 

stratified by gender and smoking status, female smokers incurred the cost of $248,361 

per year [95% CI: $104,531 - $392,190]; female nonsmokers incurred the cost of 

$160,502 [95% CI: $37,056 - $283,947)]; male smokers incurred the cost of $142,250 
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[95% CI: $48,467 - $236,032]; and male nonsmokers incurred the cost of $59,234 [95% 

CI: $20,719 – 97,548] annually.127 However, these estimates are very high, inconsistent 

with other findings reported in the literature, did not allow for comparisons between 

AATD-associated COPD and non-AATD-associated COPD, as well as there is a 

potential for significant conflict of interest among the study authors.128  
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2.2 Chronic Obstructive Pulmonary Disease (COPD) 
 
2.2.1 Definition and Diagnosis 
 

COPD is an umbrella term for chronic obstruction disorders that impair airflow in 

the lungs, mainly emphysema, chronic bronchitis and bronchiectasis.74 

COPD is defined as 

 

“a common preventable and treatable disease, [which] is characterized by 

persistent airflow limitation that is usually progressive and associated with 

an enhanced chronic inflammatory response in the airways and the lung to 

noxious particles or gases. Exacerbations and comorbidities contribute to 

the overall severity in individual patients”.129 

 

COPD is an umbrella term for chronic obstructive disorders,73,129 and the clinical 

features and physiologic tests will differ between the emphysematous (type A) and 

bronchial (type B) types of COPD.73 The main cause of COPD is exposure to noxious 

gases due to tobacco smoking and/or occupational exposures to dust or other smokes. 

COPD results in impaired breathing due to reduced FEV1, and an annual decline of 50-75 

milliliters.73 Emphysema and chronic bronchitis are the major factors that contribute to 

the development of COPD and they often tend to co-exist, sometimes along with or 

without bronchiectasis.74 Spirometric testing after administration of a bronchodilator is 

necessary but insufficient to clinically diagnose COPD.129,130 In order to establish a 

COPD diagnosis and investigate disease severity, Tiffeneau-Pinelli index is used, which 

equals to FEV1 (Forced Expiratory Volume) divided by FVC (Forced Vital Capacity). In 
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the United States, the Tiffeneau-Pinelli index value below 0.70 indicates COPD, while 

European Respiratory Society assumes the threshold to be < 0.88 for men and 0.89 for 

women;129,131 this means that COPD diagnosis depends on geographical location and 

guidelines used by diagnosing physician.131,132 Other diagnostic scales and measures are 

also used in clinical practice (as the airflow limitation test is insufficient alone), such as 

the mMRC Questionnaire or so-called ABCD assessment tool.133-138  

There appears to be a link of an unknown nature between COPD and other, 

extrapulmonary health conditions such as depression, anxiety, muscle pain, osteoporosis, 

metabolic as well as other health issues.78,129,139-147 A potential link between COPD and 

extrapulmonary diseases is extensively studied in Europe.78 It has also been suggested 

that the overlap syndrome of asthma and COPD can exist, although its clinical 

significance is debated.148 A comprehensive description of the history of COPD, as well 

as the evolution of our understanding of the disease (i.e. so-called Dutch versus British 

hypotheses) is provided elsewhere.149 

A careful assessment of symptoms is required to exclude the differential diagnosis 

of asthma, CHF, bronchiectasis, obliterative bronchiolitis and diffuse panbronchiolitis.129 

Generally, COPD is suspected if  

“[it] onsets in mid-life; symptoms [are] slowly progressive; and 

[there is] a history of tobacco smoking or exposure to other types of 

smoke”.129  

Classification of COPD stages are based on GOLD staging, which categorizes 

COPD patients based on the extent of airflow limitation (Table 1):129 
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Table 1. Classification of COPD patients based on existing airflow limitation. 

GOLD 1 Mild FEV1 ≥ 80% predicted 

GOLD 2 Moderate 50% ≤ FEV1 < 80% predicted 

GOLD 3 Severe 30% ≤ FEV1 < 50% predicted 

GOLD 4 Very Severe FEV1 < 30% predicted 

Note: Reproduced from “Global Initiative for Chronic Obstructive Lung Disease: Pocket 
Guide to COPD Diagnosis, Management, and Prevention: A Guide for Health Care 
Professionals” with permission from the Global Initiative for Chronic Obstructive Lung 
Disease, 2018. Source: http://goldcopd.org/wp-content/uploads/2016/12/wms-GOLD-
2017-Pocket-Guide.pdf  
 

http://goldcopd.org/wp-content/uploads/2016/12/wms-GOLD-2017-Pocket-Guide.pdf
http://goldcopd.org/wp-content/uploads/2016/12/wms-GOLD-2017-Pocket-Guide.pdf
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2.2.2 Epidemiology of COPD in the U.S. 
 

 

COPD is the third leading cause of death in the U.S. and severely impairs health-

related quality of life (HRQoL) among affected individuals.74 In 2010, there were about 

10 million adults patients with COPD which resulted in  

“8 million physician office and hospital outpatient visits, 1.5 million 

emergency department visits, 726,000 hospitalizations and 119,000 deaths 

in the U.S.”84,150  

The WHO estimated that 65 million people around the world are affected as well 

as 5% of deaths in 2005 were attributable to COPD, mainly in low- and middle-income 

countries.12 With a considerable variation across regions, it appears that the prevalence of 

COPD oscillates between 4%-10%.151  

There are two major sources of COPD epidemiologic data in the U.S.: the 

National Health Interview Survey (NHIS) and the Behavioral Risk Factor Surveillance 

System (BRFSS).74 Information about the number of deaths among males, females and 

race/ethnicities are presented in Figures 1-6.74  

Due to substantial morbidity and mortality posed by COPD, the U.S. DHHS initiated 

the COPD National Action Plan.55 The plan consists of five goals and aims at different 

challenges posed by COPD in the United States by the following activities:  

1. “Empowering people with COPD their families and caregivers to recognize and 

reduce the burden of COPD; 

2. Improving the prevention, diagnosis, treatment, and management of COPD by 

improving the quality of care delivered across the healthcare continuum;  
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3. Collecting, analyzing, reporting and disseminating COPD-related public health 

data that drive change and track progress;  

4. Increasing and sustaining research to better understand the prevention, 

pathogenesis, diagnosis, treatment, and management of COPD; 

5. Translating national policy, educational, and program recommendations into 

research and public health care actions.”55  

 

 
Figure 1. The number of COPD deaths in the United States stratified by gender. 

Source: American Lung Association. Trends in COPD (chronic bronchitis and emphysema): Morbidity and 
mortality. http://www.lung.org/assets/documents/research/copd-trend-report.pdf. Accessed 3/12, 2016. 

http://www.lung.org/assets/documents/research/copd-trend-report.pdf
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Figure 2. The number of COPD deaths in the United States among White Caucasians. 
 
Source: American Lung Association. Trends in COPD (chronic bronchitis and emphysema): Morbidity and 
mortality. http://www.lung.org/assets/documents/research/copd-trend-report.pdf. Accessed 3/12, 2016. 
 

 
Figure 3. The number of COPD deaths in the United States among African-Americans. 
 
Source: American Lung Association. Trends in COPD (chronic bronchitis and emphysema): Morbidity and 
mortality. http://www.lung.org/assets/documents/research/copd-trend-report.pdf. Accessed 3/12, 2016. 
 

http://www.lung.org/assets/documents/research/copd-trend-report.pdf
http://www.lung.org/assets/documents/research/copd-trend-report.pdf
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Figure 4. The number of COPD deaths in the United States among Hispanics. 
 
Source: American Lung Association. Trends in COPD (chronic bronchitis and emphysema): Morbidity and 
mortality. http://www.lung.org/assets/documents/research/copd-trend-report.pdf. Accessed 3/12, 2016. 
 

 
Figure 5. The number of COPD deaths in the United States among other ethnicities. 
 
Source: American Lung Association. Trends in COPD (chronic bronchitis and emphysema): Morbidity and 
mortality. http://www.lung.org/assets/documents/research/copd-trend-report.pdf. Accessed 3/12, 2016. 
 

http://www.lung.org/assets/documents/research/copd-trend-report.pdf
http://www.lung.org/assets/documents/research/copd-trend-report.pdf
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2.2.3 Management of COPD 
 
 

The management of COPD is complex and can be divided into smoking cessation, 

vaccinations, pharmacologic interventions, management of exacerbations, surgical 

procedures, rehabilitation, education, self-management, as well as palliative, end-of-life 

and hospice care.73,129 

Smoking cessation and counseling is one of the most important steps in 

preventing and slowing the progression of the disease, with numerous smoking cessation 

interventions available.152-157 To prevent or lower the risk of lower respiratory infections 

and exacerbations, vaccinations, consisting of pneumococcal and influenza vaccinations 

are recommended.158-164  

There are pharmacologic interventions for stable COPD, which are palliative in 

nature, however, offer a clinically effective approach to prevent or alleviate the symptoms 

of COPD. These include the following and the correct treatment algorithm depends on the 

severity of COPD (GOLD staging), closely resembling the pharmacological management 

of asthma:157 

a. Bronchodilators;  

i. Short- and long-acting beta2-agonists, for example formoterol, 

salmeterol, indacaterol, oladaterol, and vilanterol;165-169 

b. Short- (ipratropium and oxitropium) and long-acting antimuscarinic 

agents (tiotropium, aclidinium, glycopyrronium bromide and 

umeclidinium);170-176  

c. Theophylline, a methylated xanthine (dioxypurine) derivative;157,177-182 



 

34 
 

d. Double combination therapies, for example, short-acting beta2-agonists 

and short-acting muscarinic agents, administered separately or long-

acting beta2-agonists and long-acting muscarinic agents;183-186 

e. ICS, for example, fluticasone, beclomethasone or budesonide;187-192 

f. Oral glucocorticoids, for example prednisone, methylprednisone, 

dexamethasone;193 

g. PDE4 inhibitors, i.e, roflumilast;194,195 

h. Antibiotics, i.e. macrolides;196,197  

i. Mucolytic agents, for example, N-acetylcysteine;160,198 

j. Triple combination therapies, for example, long-acting beta2-agonists, 

muscarinic agents, and ICS;91,199-206 

k. Oxygen therapy and 34harmacody support for patients with arterial 

hypoxemia. 207-210 

Patients with COPD can experience exacerbations (“flare-ups”) of the 

disease, further divided into mild, moderate and severe.211-218 Mild exacerbations 

do not require hospitalization or an ER visit and are alleviated by an increase in the 

dose of the standard pharmacological management.73 Moderate exacerbations can 

be managed by short acting bronchodilators together with antibiotics and/or oral 

corticosteroids while severe exacerbations require hospitalization or an ER visit and 

can be life-threatening, especially in the presence of an acute respiratory failure.129 

Rehabilitation, education, and self-management, for example, pulmonary 

rehabilitation or regular assessment of inhalation technique also play an important 

role and have been shown to improve COPD symptoms.219  



 

35 
 

Some patients may require surgical interventions, such as lung transplantation, 

bullectomy or lung volume reduction surgery.129 
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2.2.4 Cost-of-Illness Studies in COPD 
 

The literature is rife in COPD COI studies and generally, estimates for respiratory 

conditions are presented as either (adjusted) excess or attributable disease costs.75,220 

Studies conducted in North America have shown that direct COPD costs vary 

from $536 to $4,528 per patient-year (medications accounted for a vast majority of these 

estimates) and indirect costs vary from $648 to $972 per patient-year.75,221 The total cost 

of absenteeism due to COPD were estimated to be almost 4 billion USD (2010 USD) 

with corresponding 16.4 million work days lost; relatively large variations were detected 

across states.222 

In the United States, in 2010, the total direct medical costs associated with COPD 

reached $32.1 billion (over 15 billion USD in 1993)223 and are expected to further 

increase by roughly 50% by 2020.222 These numbers are likely driven by COPD 

exacerbations, which relate to periods of increased disease activity.75 On average, COPD 

results in about 0.34-2.33 exacerbations per patient-year in the U.S.74,84 Costs per COPD 

exacerbation per patient in the U.S. range from $479 to $11,966 as calculated using 

event- and symptom-based frameworks.221  

Hence, COPD poses a significant burden on patients and society due to direct 

medical costs and productivity losses.221,222 The costs of COPD increase along with age 

and disease severity as categorized by GOLD staging guidelines. In addition, different 

classes of COPD medications vary in costs and effectiveness, hence cost-

effectiveness.221,223 However, none of COPD COI studies investigated the direct costs of 

the genetic form of COPD (AATD-associated COPD). As such, it is unclear whether how 
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such patients drive healthcare spending and whether they differ from a cost and resource 

utilization standpoints.  
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2.3 Genetics, Genomics, and Personalized Medicine 
 

 
“It’s far more important to know what person  

the disease has than what disease the person has.” 
- Hippocrates 

 

Genetics is a science of heredity and inherited characteristics. Specifically, it aims to 

investigate how genes are passed across generations, how genetic information is coded, 

decoded and expressed, as well as what is the role of genes in human evolution.1,224 

Genomics is a discipline of molecular biology and theoretical biology, aiming to 

analyze the full genome of an organism. The main goal of genomics is not only to 

discover the sequence of genetic material by mapping the genome but also to describe 

reciprocal dependence between different genes inside the same genome. Genomics is 

different than genetics, as genomics describes genetic processes on an aggregated level, 

supported by concepts borrowed from theoretical biology.224  

Advancements in the field of genetics, genomics, and pharmacology allow 

researchers to tailor drugs and interventions that are suited for individual patients.1,25,225 

The concept of personalized medicine is based on the assumption that a patient may 

require treatment approaches based on heterogeneity of treatment effects (depending on 

“variability in patients’ responses to treatments”).1,226,227  

Therefore, personalized medicine can be described as matching a drug to a 

patient, not to a specific disease.25,225,228 It means discontinuation of the traditional 

approach that all patients with the same health problem should be prescribed the exact 

same medications.227 As such, personalized pharmacotherapy offers a chance to prevent 

inertia and further advance genetic forms of diagnoses and treatments. It also provides a 
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chance to develop innovative pharmaceutical and biopharmaceutical products, at the 

price of adverse selection among patients knowing their genetic status:9  

 

“If genetic prediction of health status progresses and genetic diagnosis 

becomes more sophisticated, there may be no choice but to implement 

universal health care, […] because the concept of insurance would be 

meaningless. Insurance companies would end up charging higher and 

higher rates to fewer and fewer people.”9  

 

The concept of personalized medicine has become the most widely practiced in 

the field of oncology, in an assessment of drug’s 39harmacodynamics properties 

(distribution, metabolism, and excretion; so-called pharmacogenomics) and for predicting 

the effectiveness of medications.1 Starting in the 1990s, more and more drugs have been 

introduced to the market as so-called “targeted therapies”.1 Such substances can be 

designed to target one molecule in a human body – i.e., cell receptor, enzyme or exhibit 

pharmacologic action via simply replace missing molecules. However, to ensure that the 

administration of a targeted therapy is justified, genetic testing is required. Genetic 

testing may help assess how a patient metabolizes a drug: whether a lower or higher dose 

should be administered, or whether a drug is going to induce a beneficial health effect at 

all. While genetic testing is not cheap, recent advances in human genomics have led to 

decreases in the average price of genetic testing to only several hundred dollars (or less, 

about $10 per protein test; free AATD tests are now available in the United States).9 

Next-generation sequencing allows scientists to conduct genetic testing at a radically 
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lower price as compared to first attempts in the past,229 although immediately after 

market introduction, the availability of new genetic technology rarely offers cost 

savings.9 Nevertheless, taking into account the costs and benefits offered by targeted 

therapies, genetic testing generally offers a good value for money.  

There are challenging ethical and legal considerations before a genetic test is 

done; a referral of a patient to genetic testing may be challenging due to unintended 

adverse psychosocial effects potentially arising due to achieving a diagnosis or obtaining 

new information; for example, exclusion of paternity. As such, the use of a genetic test 

may result in utilization of other tests, treatments, false-positive results and adverse 

psychosocial effects.81,229,230  

COPD represents a perfect example in which the concept of personalized 

medicine is applicable, as COPD is an umbrella term that covers emphysema, chronic 

bronchitis, bronchiectasis and other lung diseases that all result in irreversible airway 

obstruction but may require different treatment approaches and modalities.12,132,148,231-233  

 

  



 

41 
 

2.4 Rare Diseases and Orphan Drugs 
 

“Amicus verus rara avis est” 
- Latin proverb 

 
 

A disease can be considered “rare” when it affects only a small fraction of 

patients, although some estimates suggest that altogether about 1 in 13 Americans (25 

million) and over 30 million Europeans may live with a rare disease.234-238 The currently 

governing definitions of rare diseases are based on prevalence and incidence, hence 

remain inconsistent and vary by region (Table 2).234,239-242  

Table 2. Definitions of rare diseases by frequency, prevalence, and region. 

Region 
Number of affected 

individuals 
Prevalence (per 10,000 

population) 
Australia < 2,000 1.10 

United States < 200,000 7.50 
Japan < 50,000 4.00 
WHO N/A 6.50 

European Union < 215,000 5.00 
United Kingdom (ultra-

rare) < 1,000 0.18 
 

Note: Reproduced from “Orphan drugs and the NHS: Should we value rarity?” by C 
McCabe, K Claxton, Tsuchiya A, 2005, British Medical Journal, 331, 7523, page 1017 
with permission from BMJ Publishing Group Limited (2018). 

 

Examples of rare diseases may include AATD, babesiosis, Fabry’s disease (ultra-

rare), Jacobsen syndrome, monkeypox, pellagra, and over 6,000 other conditions, with 

about 250 new, rare disorders described every year.237,242-244 Some of the most prominent 

institutions offering comprehensive information, resources and services in the field of 

rare diseases are EURORDIS,245 Genetic Alliance,246 and the National Organization for 
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Rare Disorders (NORD), and the Office of Orphan Products Development (FDA’s 

OOPD).235,247  

The term “orphan disease” comprises of two concepts: neglected and rare 

diseases.234 A neglected disease means a disease that patients, healthcare professionals, 

and pharmaceutical manufacturers fail to recognize or pay attention to; examples may 

include both common and uncommon conditions, such as dracunculiasis, Buruli ulcer, 

hepatitis G or nicotine addiction.234 Neglected diseases may also refer to health issues 

that affect patients who do not live in developed nations (i.e., neglected tropical diseases) 

hence patients without access to an appropriate healthcare (or drinkable water).  

Orphan drugs is a term used for medicinal products indicated for rare diseases 

which are characterized by fixed R&D costs and a small target population; hence the low 

probability of being highly profitable and cost-effective.234,239 Therefore, there are ethical 

and social issues relating to rare diseases, including equity and access to treatments, 

which have been actively debated.56,240,248-256 Because of problems with the use of the 

traditional cost-effectiveness framework in orphan drug assessments,253,254,256,257 a 

weighted QALY,238,252-255,258-260 QALY categorization approach,255 more relaxed cost-

effectiveness thresholds,258 use of special algorithms and funds above the cost-

effectiveness thresholds,115,261 risk-sharing arrangements,252 compassionate use255 and 

multi-criteria decision analyses (MCDA) have been suggested as alternative approaches 

to assessing orphan products.250,262  

Historically, before 1983 (the Orphan Drug Act), only 10 marketing authorization 

were granted for orphan drugs in the United States, with an estimated 10% increase in 

registered orphan products on an annual basis.234,240,250,263-265 Similar problems with 
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orphan drug development were observed around the world and addressed with 

conceptually similar laws (the 2002 Rare Diseases Act in the U.S. or regulations issued 

by the European Commission, as well as laws enacted by the Japanese and Australian 

governments). Such laws usually grant special incentives to manufacturers (tax credits, 

waiver or reductions of user fees, prolonged marketing exclusivity) willing to conduct 

orphan drug R&D.234,242,247,266-268 
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2.5 Cost Estimation and Cost-of-Illness (COI) Framework 
 
 

Cost-of-illness (COI) studies aim to estimate the total economic burden (cost) of a 

disease or a health state to a healthcare sector through identification, measurement, and 

valuation of all direct, indirect and intangible costs.269 Costs can arise due to, but not 

only, the illness or due to non-health expenditures also related to the illness.270 As such, 

researchers distinguish:  

1) Direct (explicit) medical costs that can be defined as costs attributed to 

utilization of a particular medical intervention (such as “prevention, detection, 

treatment, rehabilitation, research, training, and capital investment in medical 

facilities”);271 in other words, the direct medical costs can consist of the 

following components:220  

a) Emergency department/hospital services; 

b) Outpatient physician services; 

c) Medication costs; 

d) Diagnostic procedures and laboratory tests; 

e) Other healthcare services; and 

f) Ancillary personnel costs. 

2) Direct non-medical costs which can arise due to, for example, travel expenses;  

3) Indirect (implicit) costs related to lost resources (i.e., productivity losses), as 

well as morbidity and mortality;270 and  

4) Intangible costs refer to concepts which are challenging to express in 

monetary terms, such as pain and suffering;272  
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Costs can also be broadly divided into costs incurred within the healthcare sector; 

incurred within other sectors; incurred by patients and their families, as well as costs 

related to productivity changes.272,273 Other types of costs of particular relevance within 

the healthcare sector can include, for example, sunk, joint or confounding costs.274 

Confounding costs, which occur in a situation in which direct medical costs are not 

distinguished from direct costs arising from a different disease. For example, patients 

with a migraine may be prone to having more comorbidities as compared to non-migraine 

patients.275 Accurate and precise cost estimation is of crucial importance for any type of 

economic evaluation; however, cost estimates depend on the viewpoint (perspective). 

COI studies allow researchers to monetize the impact of a disease on a society. 

However, various perspectives can be chosen, i.e., a patient’s or third-party payer’s 

perspective. For this reason, costs incurred by patients will have different sources and 

structure than costs incurred by government, hospitals, patients or health plans.272 The 

choice of a perspective depends on the target audience and available data sources. COI 

studies focus solely on costs and do not take into account issues related to treatment 

effectiveness, although often represent the first step toward a full economic 

evaluation.272,276  

While the choice of particular COI methods depends on the type of data available 

and target audience, conducting a COI study usually means adoption of one of two cost 

calculation methods. The most common method is the morbidity-based approach that 

allows the calculation of annual costs related to a disease; estimates of disease lifetime 

costs multiplied by the number of diagnosed cases in a given year serve as a basis for 

calculation. In this method, direct and indirect costs are calculated differently. Direct 
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costs are calculated with the application of “bottom-up” or “top-down” approach 

(sometimes both). The “bottom-up” approach is based on disease a prevalence multiplied 

by average treatments costs, while the “top-down” approach uses aggregated data.277  

Indirect costs related to productivity losses are calculated with the use of the human 

capital method, friction cost method or other approaches.270,272,278  

As a result, categorization of COI studies can be based on the type of cost estimation 

approach;220,279 and the following estimation categories can be distinguished:220  

 

1. Total costing approach: 

a) Sum_All medical – among patients with a disease, all health-related expenditures 

are summed, regardless of their association with a disease of interest; 

b) Sum_Diagnosis Specific – among patients with a disease, only expenditures 

related to a disease of interest are calculated; 

c) Other_Total – among patients with a disease, an innovative approach or 

mathematical modeling is used to sum all costs. 

 

2. Incremental costing approach:  

a) Matched control – similar patients with and without a disease are matched based 

on chosen variables; as a next step, all health-related costs for each group are 

summed and then subtracted from each other in order to yield incremental cost 

difference;  
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b) Regression-based methods – an incremental cost difference is calculated using a 

regression coefficient on a dummy variable representing a presence/lack of a 

disease of interest; 

c) Other_Incremental – an innovative approach or mathematical modeling is used to 

yield incremental cost attributable to a disease of interest.  

Each of the discussed frameworks has its own strengths and weaknesses. Total cost 

approach does not include comparisons with a control group, while incremental cost 

frameworks compare patients with and without a disease of interest to assess cost 

differences between the groups.279  

In particular, “Sum_All medical” costing approach can be useful estimating the costs 

of AATD and AATD-associated COPD, as augmentation therapy costs can constitute the 

majority of all direct medical costs for individuals with AATD; augmentation therapy is 

the major cost driver for this disease.280,281 However, other authors have noted that only a 

minority of AATD patients receive augmentation therapy.120 

The Sum_Diagnosis specific approach may fail to capture all disease-related costs as 

it is not entirely clear which health-related expenditures can be directly nor indirectly 

attributed to the presence of the disease.279  Hence, it is generally considered that 

incremental cost approaches may yield more accurate COI estimates as compared to total 

cost approaches, especially if risk adjustments are correctly done.279 Therefore, in order 

to avoid the introduction of substantial biases, particular attention needs to be paid to 

proper comorbidity adjustments and accounting for distributions of cost variables 

included in the model, as well as structure (specification) of the model itself.279 
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As noted by Onukwugha et al., the majority of COI studies for respiratory diseases 

present results as “Sum_Diagnosis Specific”220 In this dissertation, for the purpose of cost 

comparisons between AATD-associated COPD and non-AATD related COPD cost 

analysis, the incremental approaches (”matched control” and then “regression-based”) 

will be undertaken.220  

However, the regression-based analysis may be problematic in the AATD setting as 

costs of this disease may be driven via phenotype and lifestyle choices; however, this 

information is not available in insurance claim datasets.279 

In conclusion, the purpose of a COI study is to justify expenditures in order to 

improve patient outcomes, by explaining an economic burden of a disease.270,271,282 A 

COI estimate can also help investigate differences in treatment and management of 

patients living with a disease, identify new directions and priorities for government 

research agendas or support decision-making while allocating agency budgets; COI 

estimates can serve as a proxy to measure costs of controlling, preventing or curing a 

disease.270,271,282  

Along with cost-effectiveness analysis, COI studies can be of importance for 

biopharmaceuticals used to treat certain medical conditions, especially when price 

concerns are heightened because a biopharmaceutical’s price does not mirror clinical 

effectiveness or acceptable value-for-money ratios. This is especially true for rare 

diseases, and in this case for augmentation therapy used for maintenance or augmentation 

of AATD-associated COPD.43-46,234 As such, decisions regarding cutting costs in 

healthcare should not stem from COI estimates, but rather be based on an availability of 

treatment options, as well as their costs and effectiveness.
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2.5.1 Censored cost data 
 

Before conducting a formal cost analysis, an amount of missing cost data in the 

dataset has to be investigated. Missing costs can be defined as incomplete cost 

information on individuals,283 and censoring is an example of a mechanism that results in 

missing cost information. In healthcare research, the most common type of censoring is 

the “right censoring”, which occurs when a patient is lost to follow-up before the event of 

interest takes place.283,284 There are four types of censoring:  

1. Random censoring, “when patients are lost to follow-up […] because  

of reasons unrelated to the event of interest”;285  

2. End-of-study censoring, which exhibits random character, but occurs near 

the end of a study timeframe;285  

3. Informative censoring, “when patients withdraw from a study due  

to reasons that are related to the event of interest”;285 and  

4. Partial censoring, when data are available, but resource use is only known 

for specific time intervals.285  

Because missing costs are common in observational datasets, the following 

approaches are available to address this issue:283,285-291  

1. Ignoring censoring;  

2. Ignoring the censored cases;  

3. Lin’s method with known cost histories;  

4. Lin’s method without cost histories;  

5. Bang and Tsiatis’ weighted cost method without cost histories;  

6. Bang and Tsiatis’ weighted cost method with cost histories;  
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7. Lin’s regression method with unknown cost histories;  

8. Lin’s regression method with cost histories;  

9. Carides’ regression method with cost histories; 

10. Phase-based costing.  

The first step in each of the methods listed above is to calculate the proportion of the 

missing data in order to choose a correct approach for censoring adjustment, as the choice 

of the correct method can rely upon the severity of censoring.292 For severe censoring (> 

50%), phase-based costing would be the most appropriate approach.285 For censoring 

percentage between 7 and 21%, simple Bang and Tsiatis’ (IPW) method yields an 

estimate closest to the true costs.283 In other cases, a researcher has to make a decision on 

his/her own or present results separately for each approach. 

Lin’s method with known cost histories is an interval-based approach.283,292,293 First, a 

researcher has to make a decision on how to divide the study period (eg. weeks or 

months). For each interval chosen, a mean cost should be estimated only for patients who 

were not censored or who died. The third step is to use Kaplan-Meier (K-M) estimator in 

order to calculate a probability of survival to each time interval.292 Next, costs per study 

intervals are weighted by the probability of survival to the beginning of each time 

interval. The last step is to sum all re-weighted costs that yield a total cost in a chosen 

time horizon.292,294 

Bang and Tsiatis’ weighted cost method with cost histories (interval-specific costs) 

requires a study period to be divided into meaningful intervals as well.285,292 However, in 

this scenario, patients with full cost history and who died within the specific interval, are 

re-weighted using Kaplan-Meier estimator, with the difference being that it includes a 
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probability of being censored, instead of a probability of patient’s death.285 As the last 

step, costs for each interval are summed and divided by sample size.292 This method 

allows researchers to obtain mean study costs per patient.294  

Carides’ regression method also requires the division of the study period into smaller 

intervals and aims to combine cost history with patient’s survival time. It is used as an 

approach to calculate total study costs.285 A regression model (eg. linear regression) is 

fitted to model survival time as a function of cost history; however, only patients with full 

cost history or those who died during a study period are included.285,292 Then, costs within 

the specific period are re-weighted using Kaplan-Meier estimate that incorporates 

probability of death within a chosen interval. For the last interval available, costs are 

calculated only for those with complete cost history.292 Total study costs are obtained by 

summing K-M weighted costs incurred within each study interval.285,292
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3 THEORETICAL FRAMEWORK 
 

The conceptual framework used in this study was adapted for AATD-associated 

COPD using the Andersen’s Behavioral Model of Health Services Use (Figure 8).295  

The Andersen’s model was initially developed to both predict and explain utilization 

of health services among families, as well as an aiding tool to evaluate issues revolving 

around access to care.295 In terms of resource utilization and cost, the application of this 

framework to patients living with AATD-associated COPD can help explain the 

intertwinement between factors like patient’s environment, health behavior, and patient’s 

characteristics with certain cost outcomes.296  

These factors can, in turn, drive personal health practices and utilization of health 

services accounting for patient’s predisposing characteristics, enabling resources and 

needs. Because some genetic factors have been observed to drive healthcare utilization 

and costs, this conceptual framework could also be adapted for other rare diseases, as 

about 4 out of 5 rare disorders are caused by genetic mutations.30,31 

Andersen’s conceptual model also identifies the patient’s predisposing 

characteristics, enabling resources and needs that can be explored in study analyses. 

However, only certain key variables that are readily available for this study were marked 

with an asterisk (*) in Figure 6. Other variables remain unavailable, as insurance 

companies do not routinely collect data on, for example, health beliefs or social 

relationships with other patients affected by a particular disease. Such patient-centered 

analyses could possibly constitute future research on AATD with the use of patient-

reported measures in patient registries.
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Figure 6. The theoretical framework of the relationships between environment, 
population characteristics, health behavior and outcomes among patients living with 
AATD-associated COPD.295 
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4 RESEARCH DESIGN AND METHODS 

 

4.1  Aim 1: The cost of genetic medicine in Chronic Obstructive Pulmonary Disease during 

the peri-diagnostic period: a case study of Alpha-1 Antitrypsin Deficiency. 

 
 
Objective: To analyze direct medical costs among AATD-associated COPD and non-AATD-

associated COPD patients within 12 months before and after receiving their initial COPD 

diagnosis from third-party payers’ perspective.  

Hypothesis 1: Patients with AATD utilize more healthcare resources (incurring higher 

direct medical costs) as compared to patients without AATD within 12 months before 

diagnosis. 

Hypothesis 2: Patients with AATD-associated COPD utilize more healthcare resources 

(incurring higher direct medical costs) as compared to patients with non-AATD-

associated COPD within 12 months after diagnosis. 
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4.1.1 Data source  
 
 

The study involves a retrospective analysis of claims data from the OptumLabs 

Data Warehouse (OLDW), which includes de-identified claims data for privately-insured 

and Medicare Advantage enrollees in a large, private, U.S. health plan. The database 

contains longitudinal health information on enrollees, representing a diverse mixture of 

ages, ethnicities and geographical regions across the United States. The health plan 

provides comprehensive full insurance coverage for physician, hospital, and prescription 

drug services.297  

All costs were adjusted for inflation to 2018 USD, using the medical care 

component of the Consumer Price Index. Data were analyzed using Stata 14/MP 

(StataCorp, TX, USA). Institutional Review Board (IRB) approval was obtained from the 

IRB of the University of Maryland, Baltimore, on July 27, 2016 (HP-00068329).  

 

4.1.2 Study design and variables 
 
 

In the base-case scenario, AATD-associated COPD patients were identified based 

on ≥ 1 diagnosis claim(s) for AATD (ICD-9: 273.4; ICD-10: E88.01) and ≥ 2 diagnosis 

claims for COPD (emphysema: ICD-9: 492.x, ICD-10: J43.x; chronic bronchitis: ICD-9: 

491.x,  ICD-10: J40, J41.x, J42.x; bronchiectasis: ICD-9: 494.x, ICD-10: J47; chronic 

airway obstruction, not elsewhere classified: ICD-9: 496, ICD-10: J44). After AATD-

associated COPD patients were excluded from the COPD patient pool, non-Alpha-1-

associated COPD cohort was identified based on ≥ 2 diagnosis claims for COPD. The 

index date was the date of the initial COPD diagnosis claim. Only adult patients at least 
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30 years of age at the index date were included in the analysis. The time horizon for this 

study was January 2000 – August 2017. Patients over 65 years of age for whom Medicare 

was their primary payer were excluded, in order to avoid bias resulting from unobserved 

costs. At least 12 months of continuous enrollment before and after the index date was 

required for both cohorts (Figure 7). The cohorts include patients who had medical 

coverage (with no RX coverage) as well as patients with both medical and RX coverage 

(for a subset of patients who had RX coverage through the same payer). Only newly 

diagnosed patients (incident cohort) who did not have COPD diagnoses nor pharmacy 

claims for COPD medications (identified using over 4,900 NDC codes) 12 months before 

the index date denoting the washout period were included in the analysis.  

 

 

Figure 7. Aim 1: Study design. 

 
 

Patient demographics and clinical characteristics collected from enrollment and 

claims files at the index date included: age, age categories, gender, race/ethnicity, census 

region and Quan’s Charlson Comorbidity Score (containing both ICD-9-CM and ICD-10-

CM diagnoses codes) calculated within 365 days preceding the index date (including 

index date).298-300 Missing race/ethnicity was imputed using multinomial logistic 

regression. 
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Insurers’ costs were calculated and categorized into the following resource 

categories: all costs (TOT), office visits (OV), outpatient visits (office visits in a hospital 

setting; OP), emergency room visits (ER), inpatients stays (IP), prescription drugs costs 

(RX), and other costs (OTH). Costs were defined as amounts paid by insurers’ (third-

party payers’ perspective).  

AATD-associated COPD patients with ≥ 1 diagnosis claim(s) for AATD were 

matched with up 10 unique non-AATD-associated COPD controls. The exact matching 

algorithm without replacement included the following variables: gender, Quan’s Charlson 

Comorbidity Score, census region, race/ethnicity, age at diagnosis (+/- 1 year), year of 

COPD diagnosis and oxygen use (Yes/No; within the first 12 months after the index date) 

as a proxy for COPD severity.  

 

4.1.3 Univariate statistics  
 

Univariate for healthcare resource utilization and costs are reported as the mean 

and standard deviation for the number of visits/prescriptions as well as the cost per 

visit/prescription among matched samples, separately before and after the index date. The 

resource categories were operationalized as follows: ER visits – number of distinct 

emergency room visits per patient; OV visits – number of distinct office visits per patient; 

OP visits – number of distinct office visits in a hospital setting per patient; RX 

prescriptions – number of distinct prescription-days (days with ≥1 prescription claims) 

per patient; IP stays – number of distinct inpatient days per patient; OTH services – 

number of distinct claim-days for other healthcare services. OTH healthcare services 

were defined as healthcare services that do not fall into one of the above-mentioned 
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categories, for example laboratories, home health, services with an unknown site of 

service and other non-classified claims.  

 

4.1.4 Multivariate analyses 
 
 

There were two hypotheses: 1): Patients with AATD utilize more health care 

resources (incurring higher direct medical costs) as compared to patients without AATD 

within 12 months before receiving their initial COPD diagnosis. 2) Patients with AATD-

associated COPD utilize more health care resources (incurring higher direct medical 

costs) as compared to patients with non-AATD-associated COPD within 12 months 

before and after receiving their initial COPD diagnosis.  

The sum of ER, OV, and OP visits, RX, IP and OTH per patient were modeled in 

pre- and post-index periods separately using models for count data. Overall, four different 

count models have been tested: a Poisson, a zero-inflated Poisson, a negative binomial, 

and zero-inflated negative binomial models.301  

The final decision regarding the use of a particular count data model was based on 

the goodness-of-fit criteria. The goodness-of-fit criteria for four models included 

comparisons of the Akaike’s (AIC) and Bayesian Information Criterion (BIC) for every 

resource bucket separately, both before and after the index date.301  

The coefficients on a dummy AATD variable (0 = No, 1 = Yes) in count models 

are presented as incidence rate ratios (IRRs) with corresponding robust 95% confidence 

intervals. IRR is defined as the number of events per person over a specified observation 

period (in this case, 12 months before and after the index date among matched samples). 

In addition, grand margins are presented and called as “attributable effect”.  
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To test the hypotheses linked to resource utilization among AATD-associated 

COPD patients, a dummy variable on the Alpha-1 status for each healthcare resource 

category before and after index date was investigated for statistical significance (α = 

0.05).  

Total 12-month pre- and post-index costs were modeled using a generalized linear 

model (GLM). In addition, the 12-month pre-and post-index date costs were modeled 

separately for each resource category.  

The choice of the link function and distribution family was conducted 

sequentially.301 Six different GLMs were compared based on different links and family 

distributions: log-gamma, square root – gamma, log – Gaussian, square root – Gaussian, 

log-Poisson, and square-root Poisson model.301  

The link test was conducted using the Box-Cox approach, the Pearson Correlation 

test, the Pregibon link test and the modified Hosmer and Lemeshow test.301  

The family distribution was assessed using the modified Park test.301 This test 

investigates the relationship between the variance of the error term and mean, and the 

value of the coefficient serves as the guidance for the choice of family distribution.301 

Misspecifications test for GLMs were conducted using the RESET test.302 

The choice of a final model was based on the goodness-of-fit criteria (the lowest 

AIC and BIC values) across tested GLM models, as well as the assessment of deviance 

residuals and a Q-Q plot of deviance residuals.  

Adjusted results are presented as ratios of expected costs between both cohorts as 

well as grand margins. To test the hypotheses, in the GLM model, dummy variable on the 
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Alpha-1 status was investigated for statistical significance (α = 0.05) and then 

bootstrapped with replacement 1,000 times.  

To assess whether a two-stage (hurdle) model should be used, the proportions of 

patients with total pre- and post-index costs equal to zero were calculated. 

 

4.1.5 Sensitivity analyses 
 
 

In the one-way sensitivity analysis, the impact of the number of AATD diagnosis 

claims on costs was investigated: the total cost estimates were re-calculated for AATD-

associated COPD patients with ≥ 2 diagnosis claims for AATD to account for the 

potential of rule-out diagnoses (testing for AATD). In addition, the impact of the 1:10 

matching ratio on total pre- and post-index costs was investigated. 

In a multi-way sensitivity analysis, both the impact of ≥ 2 AATD diagnosis claims 

and the 1:10 matching ratio on the total pre-and post-index costs was investigated at the 

same time.  
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4.2 Aim 2: The cost of genetic medicine in chronic obstructive pulmonary disease: a 

case study of Alpha-1 Antitrypsin Deficiency.  

 

4.2.1 Data Source 
 

The study involves a retrospective analysis of claims data from the OptumLabs 

Data Warehouse (OLDW), which includes de-identified claims data for privately insured 

and Medicare Advantage enrollees in a large, private, U.S. health plan. The database 

contains longitudinal health information on enrollees, representing a diverse mixture of 

ages, ethnicities and geographical regions across the United States. The health plan 

provides comprehensive full insurance coverage for physician, hospital, and prescription 

drug services.297  

All costs were adjusted for inflation to 2018 USD, using the medical care 

component of the Consumer Price Index. Data were analyzed using Stata 14/MP 

(StataCorp, TX, USA). Institutional Review Board (IRB) approval was obtained from the 

IRB of the University of Maryland, Baltimore, on July 27, 2016 (HP-00068329).  

 

4.2.2. Study design and variables 
 

AATD-associated COPD patients were identified based on ≥ 1 diagnosis claim(s) 

for AATD (ICD-9: 273.4; ICD-10: E88.01) and ≥ 2 diagnosis claims for COPD 

(emphysema: ICD-9: 492.x, ICD-10: J43.x; chronic bronchitis: ICD-9: 491.x,  ICD-10: 

J40, J41.x, J42.x; bronchiectasis: ICD-9: 494.x, ICD-10: J47; chronic airway obstruction, 

not elsewhere classified: ICD-9: 496, ICD-10: J44). After AATD-associated COPD 
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patients were excluded from the COPD patient pool, non-Alpha-1-associated COPD 

cohort was identified based on ≥ 2 diagnosis claims for COPD. The index date was the 

date of the initial COPD diagnosis claim. Only adult patients at least 30 years of age at 

the index date were included in the analysis. The time horizon for this study was January 

2000 – August 2017. Patients over 65 years of age for whom Medicare was the primary 

payer were excluded, in order to avoid bias resulting from unobserved costs.  

At least 12 months of continuous enrollment before and 1 month after the index 

date was required for both cohorts. The cohorts include patients who had medical 

coverage (with no RX coverage) as well as patients with both medical and RX coverage 

(for a subset of patients who had RX coverage through the same payer).  

Patient demographics and clinical characteristics collected from enrollment and 

claims files at the index date included: age, age categories, gender, race/ethnicity, census 

region and Quan’s Charlson Comorbidity Score (containing both ICD-9-CM and ICD-10-

CM diagnoses codes) calculated within 365 days preceding the index date (including the 

index date). Missing race/ethnicity was imputed using multinomial logistic regression. 

AATD-associated COPD patients with ≥ 1 diagnosis claim(s) for AATD were 

matched with up to 10 unique non-AATD-associated COPD controls. The exact matching 

algorithm without replacement included the following variables: gender, Quan’s Charlson 

Comorbidity Score, census region, race/ethnicity, age at diagnosis (+/- 1 year), year of 

COPD diagnosis and oxygen use (Yes/No; within the first 12 months after the index date) 

as a proxy for COPD severity.  
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Patients were followed for 5 years from the index date and the outcome of interest 

was the mean 5-year total direct medical costs for the AATD-associated COPD and non-

AATD-associated COPD patients.  

Unfortunately, mortality data were not available in the dataset. Therefore, the overall 

COPD mortality was assumed to be the same among AATD-associated and non-AATD-

associated COPD patients and was imputed from one of the largest observational COPD 

mortality studies in the United States.303 

 

4.2.3 Covariate- and censor-adjusted cost analysis  
 

In the base-case scenario, using the IPW method, the 5 years of follow-up were 

divided into five 1-year partitions (time periods). For each time period, the number of 

patients at risk was calculated using reverse censoring304.  

As a next step, the hazard function, as well as both the probability of not being 

censored at a given time period together with the overall probability of not being 

censored at the beginning of each time period were calculated.294,305  

The predicted mean cost for each time period was covariate-adjusted and obtained 

from a GLM model. The final GLM was chosen based on Modified Park Test for family 

distributions, Pregibon test, as well as AIC and BIC goodness-of-fit criteria. In addition, a 

machine-learning algorithm (k-fold cross-validation) served as the main deciding factor 

for improved out-of-sample prediction accuracy, with the lowest RMSE serving as the 

guidance for final model selection.306-308 The final, selected model was adjusted for 

AATD status, augmentation therapy use, age at COPD diagnosis (and increasing age in 

consecutive years after the  first year), gender, race/ethnicity, oxygen use, time period of 
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COPD diagnosis (2000 – 2009 and 2010 – 2017), CCI as well as insurance type (Medical 

vs Medical and RX) in a given year of analysis.  

Hypothesis 3 is tested by investigating the statistical significance (α = 0.05) on 

the cost ratios for the AATD dummy variable, as well as by comparing the total 5-year 

censor-adjusted cost estimates between both cohorts. 

Hypothesis 4 is tested by investigating the statistical significance (α = 0.05) on 

the cost ratios for augmentation therapy use with corresponding dollar amounts. 

Augmentation therapy use was defined as having ≥ 1 claim(s) for augmentation 

therapy in a pharmacy, outpatient or a home setting (~200 NDC codes and the following 

HCPCS/CPT infusion codes: J0256, J0257 and S9346, respectively).  

 

4.2.4 Sensitivity analyses 
 

In the sensitivity analyses, cost estimates were re-calculated using three different 

censor-adjustment methods, namely with the use of the full-sample approach (FS), the 

complete-cases approach (CC) as well as the non-parametric interval method (Lin’s 

method; KMSA). All analyses were conducted for both AATD-associated COPD and 

non-AATD-associated COPD cohorts.  

Using the FS approach, the mean 5-year total direct medical costs were calculated 

irrespective of death, censoring or the length of follow-up time. In the CC analysis, the 

mean 5-year total direct medical costs were calculated among uncensored cases only. In 

Lin’s approach, the mean 5-year total direct medical costs were calculated among all 

cases weighted by KMSA. 
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4.3  Aim 3: The trend in the total cost of Alpha1-proteinase inhibitors in the United 

States: 2004 to 2017. 

 
4.3.1 Data source  
 
 

The study involves a retrospective analysis of claims data from the OptumLabs 

Data Warehouse (OLDW), which includes de-identified claims data for privately insured 

and Medicare Advantage enrollees in a large, private, U.S. health plan. The database 

contains longitudinal health information on enrollees, representing a diverse mixture of 

ages, ethnicities and geographical regions across the United States. The health plan 

provides comprehensive full insurance coverage for physician, hospital, and prescription 

drug services.297  

All costs were adjusted for inflation to 2018 USD dollars, using the medical care 

component of the Consumer Price Index. Data were analyzed using Stata 14/MP 

(StataCorp, TX, USA). Institutional Review Board (IRB) approval was obtained from the 

IRB of the University of Maryland, Baltimore, on July 27, 2016 (HP-00068329).  

 

4.3.2 Study design and variables 
 

In the base-case scenario, augmentation therapy users were identified as patients who 

had ≥ 1 OP or home infusion claim(s) for augmentation therapy products (HCPCS: 

J0256, J0257, S9346) or a pharmacy/Medicare Part D claim (30 distinct NDC codes) 

between January 2000 and December 2017. No inclusion/exclusion criteria were applied. 

The unit of analysis was the annual augmentation therapy cost.  
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There were two cost categories: Augmentation therapy cost (AUG) and other 

healthcare costs (OTH). AUG cost was calculated as the sum of OOP and HPP payments 

for each one of the four augmentation products in a given year. The annual augmentation 

therapy cost was calculated on a patient-level basis and then averaged across all patients 

for a given year of analysis. AUG costs are presented both as an aggregated augmentation 

therapy cost (annual average across all products) and then visually inspected separately 

for each brand.  

OTH costs comprised of the sum of all other healthcare expenditures (OV, OP, ER, 

IP, and RX plus other claim lines without classification) for patients on augmentation 

therapy and were operationalized as the mean annual sum of per-patient OOP and HPP 

expenditures.  

The index date was the date of the first augmentation therapy claim. Patient 

demographics collected from enrollment files at the index date included: age, gender, 

race/ethnicity, and census region.  

 

4.3.4 Statistical analyses 
 

The methodological framework undertaken in this study was the interrupted time 

series (ITS) design using ordinary least-squares segmented regression with Newey-West 

standard errors.309-311 The Newey-West standard errors were calculated to account for 

autocorrelation of observed cost values over time. The ITS design is the strongest quasi-

experimental design and allows to estimate the effect of a healthcare intervention with 

some degree of immunity to patient-level confounding.309,310,312-314  
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In this study, the market intervention was the FDA’s marketing approval of Glassia in 

July 2010. The number of lagged observations to be analyzed was assessed using the 

Cumby-Huizinga test for autocorrelation.315  

To assess whether the market entrance of a competitor augmentation therapy product 

influenced the annual AUG cost of the remaining three augmentation products already 

being in the market (Equation 1):  

 

Equation 1. Single-group interrupted time series regression with one intervention. 

 

The regression depicted by Equation 1 was run separately for each augmentation 

therapy product (except for Glassia; the intervention) with the year 2010 as the time of 

the intervention.  

In this analysis, the constant (β0) means the starting level of the annual AUG therapy 

costs. The time since the start of the study (β1) stands for the slope and describes the 

trajectory of the AUG cost until the introduction of the intervention. The immediate 

effect of the intervention is described by the β2 coefficient. The intervention effect over 

time is described by the β3 coefficient. The p-value on the intervention period trend ((β1) 

+ (β3)) served as the guidance regarding the overall effect of the intervention.  
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4.3.4 Sensitivity analysis 
 

In the sensitivity analysis, all segmented regression models were re-run for a 

subset of patients from the base-case scenario who had ≥ 1 diagnosis claims for COPD 

(emphysema: ICD-9: 492.x, ICD-10: J43.x; chronic bronchitis: ICD-9: 491.x,  ICD-10: 

J40, J41.x, J42.x; bronchiectasis: ICD-9: 494.x, ICD-10: J47; chronic airway obstruction, 

not elsewhere classified: ICD-9: 496, ICD-10: J44). 
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5 RESULTS: Aim 1 
 

“How often have I said to you that when you have eliminated the impossible, whatever 
remains, however improbable, must be the truth?” 

- Sherlock Holmes, The Sign of Four 
 
 

5.1 Population characteristics and matching  
 
 

The cohort identification flowchart is presented in Figure 8. Overall, out of 1,018 

AATD-associated COPD patients who met inclusion criteria, 953 cases had up to 10 

unique controls by randomly matching with 7,928 patients non-AATD-associated COPD 

patients.  

Among 953 matched AATD-associated COPD cases, 114 (12%) patients were 

diagnosed with AATD before the first COPD diagnosis claim, 37 (4%) patients were 

diagnosed with AATD and COPD on the same day, and 802 (84%) were diagnosed with 

AATD after the first COPD diagnosis date. 

Table 3 presents the temporal relationship between the first AATD and COPD 

diagnoses dates among AATD-associated COPD patients, stratified by time horizons 

analyzed in this study. 

 Table 4 lists the demographic and clinical characteristics of analyzed cohorts 

before matching. Patients with AATD-associated COPD were statistically different in 

terms of all baseline covariates except for mean age and CCI (Table 4).  

Table 29 contains the cohort characteristics after matching.
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Table 3. Timing between AATD and COPD diagnoses stratified by time horizons analyzed. 
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Figure 8. Aim 1: Cohort identification flowchart.  
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Table 4. Demographic and clinical characteristics of study cohorts at the index date. 
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5.2 Healthcare resource utilization: matched cohorts 
 
 

Healthcare resource utilization among matched cohorts before and after the index date, 

adjusted for matching variables are presented in Table 5 and Table 6, respectively.  

Table 5. Healthcare resource utilization per patient stratified by Alpha-1 status within 12 months 
before the index date. 
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Table 6. Healthcare resource utilization per patient stratified by Alpha-1 status within 12 months 
after the index date. 
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Among both cohorts, the most commonly used services were OV and RX, both 

before and after the index date. Comparing the averages across both samples, the AATD-

associated COPD cohort utilized more healthcare services across all resource categories 

(OV, OP, ER, IP, OTH, RX) before the index date (Table 5), as well as more healthcare 

services across all resource categories except for RX after the index date (Table 6).  

The average number of inpatient stay days increased after the index date, 

however, the average cost per day decreased (Table 5 and Table 6). The number of RX 

prescription-days decreased after index date for both cohorts, and on average, the AATD-

associated COPD cohort had more prescriptions before, but not after the index date. 

There were no cases who initiated augmentation therapy before the index date and only 

twelve cases who started augmentation therapy within 365 days after the index date. 

 

5.3 Healthcare resource utilization: multivariate analyses 
 

The Poisson model did not offer a good fit for any of resource categories; hence, a 

negative binomial model was used as it offered the best fit across all four models tested 

(Appendix 1). Appendix 3 presents the covariates used in the negative binomial model: 

The adjusted effects of Alpha-1 Antitrypsin Deficiency on health care resource 

utilization before and after the index date are presented in Table 7 and Table 8, 

respectively. 
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Table 7. IRRs and attributable effect of Alpha-1 Antitrypsin Deficiency on health care resource 
utilization before the index date. 
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Table 8. IRRs and attributable effect of Alpha-1 Antitrypsin Deficiency on health care resource 
utilization after the index date. 
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Before the index date, the point estimates for the IRR show that AATD-associated 

COPD patients used 1.171 times (95% CI: 1.022 – 1.341) more OV and 1.486 times 

(95% CI: 1.133 – 1.950) more OTH services (Table 7); while the AATD-associated 

COPD cohort also used more OP, RX, ER, and 0.976 times fewer IP, these effects were 

not statistically significant. When analyzing the attributable effects of AATD on OV and 

OTH, the AATD-associated COPD cohort incurred an additional 0.918 OV (95% CI: 

0.207 – 1.628) and 0.879 OTH (95% CI: 0.406 - 1.351) per patient. 

Within 12 months after the index date, the AATD-associated COPD cohort used 

1.188 times (95% CI: 1.063 – 1.327) more OV, 1.413 times (1.201 – 1.662) more OP and 

2.012 times more (95% CI: 1.623 – 2.495) OTH services (Table 8). When analyzing the 

attributable effects, the AATD-associated COPD cohort incurred an additional 1.712 OV 

(95% CI: 0.897 – 2.528), 0.951 OP (95% CI: 0.501 – 1.401), 0.089 ER (95% CI: 0.013 – 

0.165) and 2.171 OTH (95% CI: 1.463 – 2.878).  

Overall, when analyzing healthcare resource use before and after the index date, 

the IRRs increased for AATD-associated COPD cohort for the following resource 

categories: OV, OP, and OTH.  

 

5.4 Incremental costs  
 
 

The pre- and post-index total healthcare costs, as well as total costs stratified by 

healthcare resource category (OV, OP, ER, IP, RX, and OTH), were modeled using GLM 

with gamma family distribution and log link. The GLM model with log link and gamma 

distribution offered the best model fit for overall healthcare costs and all resource 
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categories costs before and after the index date The structure of the GLM model is 

presented in Appendix 3. Model diagnostics are presented in Appendix 4.  

A two-stage modeling approach was not used as the number of patients with total 

pre- and post-index costs equal to zero were less than 5% among both cases and cohorts.  

The AATD-associated COPD cohort incurred 2.036 (95% CI: 1.601 – 2.590) 

times and 1.976 (95% CI: 1.550 – 2.517) times the total 12-month cost incurred by the 

non-Alpha-1 COPD cohort before and after the index date, respectively. The point 

estimates for total costs with corresponding bootstrapped confidence intervals are 

presented in Table 9.  

 

Table 9. Incremental cost difference: point estimates. 

 

 

The cost ratios with corresponding attributable effects of AATD on third-party 

payer’s spending stratified by healthcare resource categories with respect to the index 

date are presented in Table 10 and Table 11. Only OTH services used by AATD-

associated COPD cohort were more expensive (cost ratio: 6.245; 95% CI: 3.424-11.388) 

before the index date, resulting in an additional $1,560 (95% CI: $739 – $2,454). 

Interestingly, the cases incurred $588 (95% CI: -$985 to -$191) less OP costs, as well as 

$161 (95% CI: -$259 to -$64) less ER costs.  

After the index date, the cases incurred higher OP costs (cost ratio: 1.490; 95% 

CI: 1.055 – 2.103), higher OTH costs (cost ratio: 11.834; 95% CI: 7.834 – 17.875) and 
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RX costs (cost ratio: 1.372; 95% CI: 1.087 -1.731), resulting in an additional $5,782 

(95% CI: $3,982 - $7,582) and $1,974 (95% CI: $141 - $3,447) in OTH and RX 

expenditures, respectively.
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Table 10. Attributable effect of Alpha-1 Antitrypsin Deficiency on health care resource costs 
before the index date. 

 

.
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Table 11. Attributable effect of Alpha-1 Antitrypsin Deficiency on health care resource costs 
after the index date. 
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5.5 Sensitivity Analysis  
 

In the sensitivity analysis, the 12-month total cost estimates were re-calculated for 

AATD-associated COPD patients with ≥ 2 diagnosis claims for AATD to account for the 

potential of rule-out diagnoses (testing for AATD).  

Of note, the 12-month total cost ratio for AATD-associated COPD patients with ≥ 

2 diagnosis claims was even higher and totaled 2.768 (95% CI: 2.087 – 3.672) resulting 

in an additional $14,753 (95% CI: $8,909 – $20.598) incurred before the index date. 

After the index date, the cost ratio equaled 2.668 (95% CI: 2.002 – 3.554) resulting in an 

additional $13,029 (95% CI: $7,232 – $18,825).  

When analyzing cases with 10 unique matches only, the cost ratio was very close 

to the base-case estimates and totaled 2.035 (95% CI: 1.541 – 2.686) resulting in an 

additional $8,486 (95% CI: 3,690 – 13,282) paid by insurers’ before the index date. After 

the index date, the cost ratio equaled 1.993 (95% CI: 1.508 – 2.636) resulting in an 

additional $7,361 (95% CI: $2,592 – $12,130). 

In the multi-way sensitivity analysis, the impact of both ≥ 2 diagnosis claims for 

AATD and 10 unique matches was investigated. Before the index date, the cost ratio was 

higher than in the base-case analysis and was equal to 2.873 (95% CI: 2.078 – 3.971), 

resulting in an additional $17,190 ($8,965 – $25,415) incurred by insurers’. After the 

index date, the cost ratio was equal to 2.796 (95% CI: 2.017 – 3.877), which resulted in 

an additional $15,278 (95% CI: $7,123 – $23,432).  
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6. RESULTS: Aim 2  

 “The sea, once it casts its spell, holds one in its net of wonder forever” 
- Jacques Cousteau 

 
6.1 Population characteristics and matching 

 
 

The cohort identification flowchart is presented in Figure 9. Overall, out of 1,591 AATD-

associated COPD patients who met inclusion criteria, 1,532 cases had up to 10 unique controls 

by randomly matching with 13,671 patients non-AATD-associated COPD patients.  

Table 12 lists the demographic and clinical characteristics of analyzed cohorts before 

matching. Both cohorts were statistically different in terms of all baseline covariates except for 

gender (Table 12). Of note, the AATD-associated COPD cohort was 6.97 years younger on 

average at the index date. Table 31 presents cohort characteristics after matching. 

 

6.2 Covariate-adjusted and censor-adjusted cost analysis  
 

Among the non-AATD-associated COPD cohort, the highest mean annual cost was 

incurred in the first year after the index date ($23,925; 95% CI: $22,880 – $24,971) and 

remained relatively stable over the next four years (Table 13). The average 5-year IPW cost for 

the non-AATD-associated COPD cohort was $84,636 (95% CI: $79,265 - $90,005). 

For the AATD-associated COPD patients, similarly, the highest annual cost was incurred 

in the first year after the initial COPD diagnosis ($34,836; 95% CI: $30,471 - $39,201) and 

remained relatively stable for the remaining observation time (Table 14). The IPW-adjusted 

average 5-year cost was $138,351 (95% CI: $114,469 - $162,232). Interestingly, the cost ratios 

attributable to the presence of AATD remained relatively unaffected for 5 years after the index 
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Figure 9. Aim 2: Cohort identification flowchart.
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Table 12. Demographic and clinical characteristics of study cohorts (at the index date). 
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Table 13. Inverse-probability weighted regression adjusted cost calculations for non-AATD-
associated COPD patients. 
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Table 14. Inverse-probability weighted regression-adjusted cost calculations for AATD-
associated COPD patients. 
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date, and were almost double the cost of similar non-AATD-associated COPD 

patients (Table 15).  

Patients with AATD who initiated augmentation therapy incurred from 2.578 

(95% CI: 1.858 – 3.578) in the first year of follow-up to 4.929 (95% CI: 3.310 – 7.341) 

times the cost of AATD-associated COPD patients not on augmentation therapy in the 

fourth year (Table 16).  

On a raw scale, the incremental cost associated with augmentation therapy use 

ranged from $52,247 (95% CI: -$14,355 to $118,848) in the first year after the index date 

to $115,218 (95% CI: $63,676 – $166,760) in the fourth year of follow-up (Table 17). 

 

6.3 Sensitivity analysis 
 

Table 18 and Table 19 contain the results of the KMSA analysis used to calculate 

censor-adjusted average 5-year costs among AATD- and non-AATD-associated COPD 

patients. Of note, the obtained KMSA cost estimates exhibit a different directionality as 

compared to the IPW methods used in the base-case scenario. In other words, the non-

AATD-associated COPD cohort incurred higher average 5-year costs in the base-case 

scenario as compared to results obtained in the KMSA analysis, while the average 5-year 

for AATD-associated COPD cohort were lower after adjusting for covariates using the 

IPW method (Table 13, Table 14, Table 18, Table 19).  

A summary of all censoring adjustment methods used in this study can be found 

in Table 20 and Table 21 for the non-AATD- and AATD-associated COPD cohorts, 

respectively. The mean costs obtained using the FS approach were the lowest across all 

methods used. The highest 5-year mean total cost for controls was observed using the 
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IPW approach (Table 20), while the highest estimates for the AATD-associated COPD 

cohort was observed using Lin’s method with imputed mortality data (Table 21). 

Interestingly, the CC approach was very close to the KMSA methods in both cohorts. 
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Table 15. Cost ratios over time attributable to the presence of AATD. 
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Table 16. Cost ratios over time attributable to the use of augmentation therapy. 
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Table 17. Incremental cost attributable to the use of augmentation therapy. 

 
 



 

94 
 

Table 18. KMSA: Calculations for non-AATD-associated COPD patients. 
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Table 19. KMSA: Calculations for AATD-associated COPD patients. 
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Table 20. Summary of the mean 5-year total direct medical costs for controls using four different 
cost censoring adjustments. 
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Table 21. Summary of the mean 5-year total direct medical costs for cases using four different 
cost censoring adjustments. 
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7. RESULTS: Aim 3 
 

“The trend is your friend” 
           - Wall Street saying  

 
 
7.1 Population characteristics 
 

 

Table 22 lists the demographic and clinical characteristics of the analyzed cohorts. 

The mean age of augmentation users was 56 on the day of their first augmentation 

therapy claim, with 53% of the cohort in the base-case scenario over 65 years of age 

(Table 22). Among the subset of patients with COPD claim (sensitivity analysis), the 

proportion of patients over 65 years of age was 93%. Among patients with non-missing 

race/ethnicity, white AATD patients constituted the vast majority of the studied sample.  

 

7.2 Augmentation therapy: cost and number of users over time 
 

The overall annual per patient AUG cost steadily increased between 2000 – 2009 

(Figure 10) and reached a relative plateau of slightly over $100,000/year between years 

2010 – 2017. At the same time, a notable increase in the number of patients using 

augmentation therapy was noted after 2003, increasing every year until 2017 (Figure 10). 

The annual AUG cost was about 5 times higher as the corresponding OTH costs 

for augmentation therapy users (Figure 10).  

 



 

99 
 

Table 22. Demographic characteristics of augmentation cohort (at the index date). 
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Figure 10. The number of AUG users and the corresponding annual AUG and OTH treatment 
costs. 
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7.3 Interrupted Time Series: Results 
 

 

A summary of the modeled impact of Glassia’s marketing authorization on the 

annual Prolastin’s cost from a third-party payer’s perspective is presented in Table 23. 

The relatively low initial annual cost of Prolastin (expressed by the constant; Table 23) 

may be, at least conceptually, explained by small sample size and incomplete annual 

observation time in the first years of observation. The pre-intervention trend for Prolastin 

was increasing annually by $9,304 (95% CI: $5,158 - $13,451) and Glassia’s approval 

had no immediate effect on Prolastin’s annual cost ($-9,833; p-value: 0.159). However, 

while there appears to be a statistically significant effect over time ($-8,991; 95% CI: $-

13,182 ), a careful examination of the difference between pre- and post-intervention 

trends reveals that taking all trend components into consideration, there was no effect of 

Glassia’s approval on annual Prolastin’s cost (Table 23).  

Visual assessment of the annual Prolastin’s cost reveals similar conclusions and 

matches with modeled regression coefficients (Figure 11).  

The modeled impact of the intervention on Zemaira’s cost is presented in Figure 

12. Similarly to Prolastin, Zemaira’s cost was statistically significantly increasing by 

$13,648 (95% CI: 2,740 - $24,556) per year, starting from the level of $53,368 (95 CI: 

$12,936 - $94,001; Table 24Figure 12). While there was no immediate effect of the 

intervention ($-32,648; 95% CI: $-66,075 - $778), a similar effect over time was noted as 

in the Prolastin’s case ($-12,794; 95% CI: $-23,816 to $-1,772); however, the post-

intervention linear trend taking into account both the pre- and post-intervention trends 

suggests no effect at all (Table 24). Similar conclusions can be drawn from Figure 14.  
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Table 23. ITS: The impact of Glassia marketing approval on Prolastin's cost. 
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Figure 11. ITS: The impact of Glassia marketing approval on Prolastin's cost. 
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Table 24. ITS: The impact of Glassia marketing approval on Zemaira's cost. 
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Figure 12. ITS: The impact of Glassia marketing approval on Zemaira's cost. 
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When modeling the effect of the intervention on Aralast’s costs, the following results 

were found. First, the annual cost of Aralast started relatively high, certainly higher as compared 

to Prolastin’s and Zemaira’s costs (Table 25). The annual pre-intervention trend ($2,755; 95% 

CI: $-4,142 to $9,651) did not reveal statistically significant increases on an annual basis as 

compared to two previously assessed augmentation products. Second, there was neither 

immediate effect nor effect over time (Table 25). However, a significant post-intervention linear 

trend was discovered, suggesting a $3,184 (95% CI: 1,368 to $5,000) increase in Aralast’s 

annual cost after the intervention. Somewhat similar conclusions can be drawn by visual 

assessment of the trend (Figure 13).  
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Table 25. ITS: the impact of Glassia marketing approval on Aralast's costs. 

 
 



 

108 
 

 
 

 
Figure 13. ITS: The impact of Glassia marketing approval on Aralast's cost. 
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7.4 Sensitivity Analysis 
 
 

In the sensitivity analysis, among patients who had ≥ 1 COPD claim, similar 

effects were modeled for Prolastin (Table 26). A relatively low constant was observed, 

although slightly higher as compared to the base-case scenario ($18,272 vs $16,647) with 

an annual increase of $8,913 (95% CI: $4,633 to $13,195), no immediate effect and a 

statistically significant, negative effect over time (-$8,991; 95% CI: $-13,182 to $-4,799). 

However, the post-intervention linear trend remained insignificant; suggesting no impact 

of the intervention on annual Prolastin’s cost in the sensitivity analysis (Table 26). 

The intervention appeared to have a positive effect on both Zemaira’s and 

Aralast’s annual costs, as suggested by statistically significant post-intervention linear 

trends ($3,585 and $2,451, respectively; Table 27 and Table 28). This effect was not 

observed in the base-case analysis (Table 24 and Table 25).  
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Table 26. Sensitivity analysis: the impact of Glassia's approval on Prolastin's cost among 
AATD-COPD patients. 
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Table 27. Sensitivity analysis: the impact of Glassia's approval on Aralast's cost among AATD-

COPD patients. 
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Table 28. Sensitivity analysis: the impact of Glassia's approval on Zemaira's cost among AATD-

COPD patients. 
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8. DISCUSSION 
 

 
“What helps luck is a habit of watching for opportunities, of having a patient but restless 
mind, of sacrificing one’s ease or vanity, uniting a love of detail to foresight, and passing 

through hard times bravely and cheerfully”  
- Charles Victor Cherbuliez 

 

The first landmark description of AATD deficiency belongs to Laurell and Eriksson 

in 1963.316 While more than 50 years have passed and there have been many advances in 

terms of understanding the underlying pathophysiologic mechanisms, major knowledge 

gaps still exist regarding the humanistic and economic impact of AATD. There are 

relatively few conclusions regarding the effect of augmentation therapy, the effectiveness 

of COPD medications among AATD patients, and optimal therapy regimens, as well as 

disease burden (including but not limited to economic burden). In addition, there appear 

to exist unknown protective mechanisms or factors against AATD-associated lung 

disease, and some researchers suggested that AATD could be, in fact, a secondary or 

tertiary cause of the progressive decline in lung function among patients affected by 

AATD.317  

Nevertheless, even without underlying AATD, COPD has been described as a disease 

with a high, and in fact, increasing economic burden over time and substantial 

incremental costs as compared to patients without COPD.75 Therefore, I embarked on this 

study to explore and isolate the economic burden and healthcare resource utilization 

attributable to the presence of a genetic factor, namely AATD-associated COPD, in the 

context of the more prevalent form of COPD.  

Whereas prior cost studies conducted in the United States merely estimate the total 

cost of AATD care, this study delineated the cost difference between treating AATD-
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associated COPD from the “garden variety” form of COPD. Until today, even despite 

abundant COPD cost-of-illness (COI) literature, there was no understanding of 

contemporary healthcare resource utilization and costs of the genetic variant of COPD in 

the United States. In a broader perspective, understanding economic burden attributable 

to genetic factors is especially important given that about 80% of rare diseases have 

genetic causes.31  

This doctoral dissertation reveals that patients with AATD-associated COPD are 

nearly double the cost of similar patients without AATD, twelve months before and after 

their initial COPD diagnosis claim. Additionally, the observed cost ratio difference 

between the two cohorts studies remained relatively constant for up to 5-years after the 

initial COPD claim (Table 15). Further studies should evaluate whether the observed 

differences after the first year of follow-up are attributable to the increased use of OV, 

OP, ER, RX and OTH services within 12 months after the index date, as detected in Aim 

1.  

Another interesting finding relates to the differences in mean age at the index date in 

Aims 1 and 2. It appears that continuous enrollment could be a function of employment, 

and the age difference between the two cohorts detected in Aim 2 appears to be 

consistent with the literature description of early-onset emphysema in contrast to mean 

age described in Aim 1.57,318 Furthermore, there is a potential for informative censoring, 

especially if older and sicker patients died within 12 months after the initial COPD 

diagnosis (they would not meet the inclusion criteria; hence would not contribute to this 

analysis), although the overall mortality is about 8.9 per 1,000 person-years.305 However, 
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the mortality rate is higher among patients with the more severe form of the disease.305 

This was accounted for in Aim 2 by conducting censored-cost adjustments.  

The potential for confounding and applicable limitations to this doctoral research 

warrant an additional comment.  

First, recognized experts in regression-based COI have noted that the use of 

regression can be problematic in case of confounding by lifestyle choices, i.e. smoking.220  

Moreover, a potential limitation could pertain to the prevalence and the severity of 

under-diagnosing of AATD. One study reported that up 10% of COPD patients may be 

A1AT deficient.14 If true, this is especially important in this analysis, as the comparisons 

between AATD-associated COPD and non-AATD-associated COPD patients would be 

potentially underestimated when matching with similar controls. On the contrary, AATD 

patients with milder forms of the disease, or those with AATD who did not yet develop 

COPD might incur lower costs. Those populations were not within the scope of this 

analysis.  

In Aim 1, it was found that the AATD-associated COPD patients used more RX after 

their initial COPD diagnosis claim. However, the AATD-associated COPD patients are 

routinely excluded from clinical trials of COPD medications.47 As such, it is not entirely 

clear whether the efficacy of COPD medications is generalizable from non-AATD-

associated COPD to AATD-associated COPD patients, although this finding may not 

relate to the increased use of COPD medications.87,319 However, it is possible that 

AATD-associated COPD patients used systematically more treatments not related to their 

lung disease; these concerns are heightened given that the vast majority of patients 
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received their first AATD claim after their initial COPD claim (Table 3). Future studies 

could re-visit and re-evaluate potential RX differences between both cohorts. 

While certain demographic variables, like race/ethnicity or geographic location, were 

adjusted for in the analyses, some environmental factors, patient’s characteristics (AATD 

phenotype), enabling resources and personal health practices cannot be accounted for 

with the use of administrative claims database (Figure 6). In other words, insurance 

companies do not routinely collect data on, for example, health beliefs or social 

relationships with other patients affected by a particular disease. Such patient-centered 

analyses could possibly constitute future research on AATD with the use of patient-

reported measures based on patient registries linked to claims datasets.  

As well, the list of matching variables is subject to the common limitations of 

administrative claims databases and does not include some key confounders like 

socioeconomic status, AATD-associated COPD disease severity expressed as the GOLD 

stage, clinical confirmation of disease, FEV1 values or the Tiffenau-Pinelli index. Patients 

with more severe forms of COPD might incur higher costs both before and after COPD 

diagnosis. Hence, some caution needs to be exercised while interpreting the results of this 

study.  

The author also acknowledges the limitations of a matched study; the value of 

matching has been continuously debated.320 However, matching was undertaken on 

carefully selected confounders for two reasons.  

The main benefit of matching is a substantial gain in both statistical and technical 

efficiencies. First, the use of AATD-associated COPD patients as cases and non-AATD-

associated COPD controls allows to make effect estimations based a counterfactual; 



 

117 
 

theoretically, after adjusting for available confounders, the only systematic difference 

between both cohorts is the presence of a genetic factor causing AATD, although the use 

of observational data in this setting warrants caution.321 Moreover, matching forces the 

cases and controls to have the same or at least similar distributions in terms of 

confounding variables. The underlying distributions of confounders after matching might 

differ from a statistical point of view, especially if the case-control ratio is not constant or 

when caliper matching is used (Table 29 and Table 31).  

In terms of statistical efficiency, the matched design allows for narrower standard 

errors and would, therefore, allow detecting statistical differences, if they exist. While an 

unmatched regression-based analysis would provide unbiased point estimates (e.g. 

running a regression on an unmatched, randomly selected sample of non-AATD-

associated COPD patients) it would generally make standard errors and confidence 

intervals wider.  

As such, the matched design reduces variance and improves statistical efficiency. 

Matching was used as it was also expected that the distribution of matching variables 

(confounders) would be substantially different between cases and controls. For example, 

it was found that age distribution among AATD-associated COPD patients is statistically 

significantly different as compared to non-AATD associated COPD patients. 

Furthermore, AATD and AATD-associated COPD are diseases occurring mainly among 

patients of Northern European descent, while non-AATD-associated COPD can affect 

patients worldwide irrespective of their descent. This was, however, accounted for with a 

regression analysis both in Aims 1 and 2.  
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The second note is concerning technical efficiency. An attempt to create an 

analytic file with claims data for all COPD controls available in the dataset over the 

period of 2000 – 2017  would not be possible due to file size and physical memory 

available to the researcher. Another limitation pertains to the ability (or lack of thereof) 

of statistical software to process very large amounts of data.  

On the other hand, some have noted that matching on incorrect variables can 

actually introduce bias and diminish the statistical power of the results. The discussion 

regarding the value of matching has been vibrant for over 40 years now.320 It is also 

important to note that matching does not increase study validity, but only statistical 

efficiency, although the magnitude of the latter is also widely discussed in the 

literature.322,323 

It is likely, however, that a regression run on matched and unmatched cohorts 

would yield statistically similar results (unbiased point estimate), although resulting in 

wider confidence intervals as compared to a regression-based analysis undertaken on 

matched cohorts.  

There are several other limitations. One of the issues is the lack of AATD 

phenotype (genetic) information in administrative claims databases. With over 100 

phenotypes described to date, there are likely subgroups of AATD patients who present 

with a more severe form of COPD as compared to their counterparts, some of them might 

also incur additional costs due to liver disease. Such costs could be further exacerbated 

by the unavailability of the smoking status nor a proxy such as smoking pack-years. 

Therefore, AATD patients with severe phenotypes would be hardly comparable to 
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patients without AATD. In addition, factors prompting the initial COPD diagnosis claim 

among patients affected and unaffected by AATD might differ in an unknown manner. 

Among augmentation therapy users, it would be interesting to investigate the 

impact of annual income on the use of augmentation therapy. As such, it could be 

hypothesized that AATD patients with higher income are more likely to utilize expensive 

therapies. Another important limitation is the lack of insurance benefit information. For 

example, lower ER costs among AATD-associated COPD cohort were found as 

compared to similar patients without AATD. This could mean, at least conceptually, that 

patients affected by AATD paid higher OOP expenditures for the same service. A study 

currently in press evaluated both HPP and OOP spending among patients with AATD 

irrespective of the presence of a lung disease.324 

A brief note regarding Aim 3. This analysis, even with the widely described strengths 

of an ITS design,309-311,314 could have been executed with the use of GEE to account for 

correlated longitudinal data and by modeling the costs one year before and one year after 

the intervention.325,326 However, a small sample size would pose another difficulty. One 

possibility would be to use the Box-Jenkins methodology to develop an ARIMA model, 

although ARIMA models have rather been used in forecasting and some have argued that 

they are not flexible and require substantial amounts of data.309,310,327 

While some interesting effects (statistically significant decrease in annual AUG costs) 

were described in a sensitivity analysis, the most important variable (patient’s weight) 

remain unaccounted for. It is unavailable in the dataset and is likely the major 

confounding factor regarding the annual costs of the therapy among its users.43-46 Further 

caution needs to be exercised while interpreting the results of this study, especially that 
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both patients and physicians may be affected by brand loyalty328. While similarly 

designed studies were conducted and published,329-331 the willingness to switch another 

augmentation therapy product remains a separate research question.  

Future studies could also investigate such findings in the light of price per unit 

listings, for example, the drug pricing database developed and maintained by 

Micromedex (so-called Red Book).332 Such analysis could investigate the impact of 

changes in unit price to real-world insurers’ spending in the United States.  

In previous U.S.-based research, it was found that the mean annual cost estimates 

ranged between $20,673 and $30,948 per patient, depending on the phenotype.125 The 

mean annual cost for patients receiving α1-antiprotease was $40,123 (median $36,000) in 

2001.125 Estimates found in this study were substantially higher and reached up to 

$115,218/year (95% CI: $63,676 - $166,760; Table 16 and Table 17). It has to be 

emphasized, however, that the previous U.S.-based estimates would be substantially 

higher after adjusting for inflation, and estimates presented in this study included both 

AUG and all medical costs. 

A recent European study found no difference between augmentation users and non-

users in terms of Health-Related Quality of Life, with costs of augmentation therapy 

equal to €72,000 in 2017.126 In addition, AATD-associated COPD patients in Germany 

incurred somewhat lower costs as compared to similar patients without AATD; the 

European researchers adjusted the analyses for variables unavailable to the author of this 

doctoral dissertation, and significant differences in patient definitions or financing 

mechanisms of the healthcare systems in the U.S. and Europe have to be acknowledged. 

333,334  
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There is a potential for misattributing the observed cost difference between the two 

studied cohorts to the use of an expensive treatment, especially if augmentation therapy 

(one of the major cost driver for AATD-patients or other AATD-specific healthcare 

interventions) were coded with the use of CPT/HCPCS or NDC infusion codes different 

than those listed in the current CPT/HCPCS guidelines.335 That would increase the cost 

without correctly attributing it to augmentation therapy use. It is important to emphasize, 

however, that it appears as some AATD patients probably did know not their AATD 

status at the time of their initial COPD diagnosis. By the same token, the diagnostic delay 

described in this study was consistent with previously reported estimates in the literature, 

although appears to decrease significantly between the periods 2000-2009 and 2010-

2017.42 Additional research is required to establish whether men and women experience 

differences in the timing of their AATD and COPD diagnoses.42 
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9. OVERALL CONCLUSIONS, IMPLICATIONS, AND FUTURE RESEARCH  

“Philosophy begins in wonder. And, at the end, when philosophic thought has done  
its best, the wonder remains.”  

- A. N. Whitehead 
 
 

The author embarked on this research endeavor to address an existing gap in 

knowledge, undertaking a rigorous estimation of health care resource utilization and costs 

associated with the genetic variant of COPD (AATD-associated COPD). Also 

investigated were the cost trends of augmentation therapy, an expensive infusion 

treatment for patients with insufficient levels of A1AT.280,281,324,336 The findings of this 

study serve as an evidence-based resource with implications for disease-management 

programs, health plans, and future researchers. 

The author found that AATD-associated COPD patients have two-fold higher costs 

than non-AATD-associated COPD patients before and years after COPD diagnosis. The 

higher costs mirrored an increased use of health care services and resources; if this 

finding generalizes to other genetic conditions, it implies that genomics has significant 

clinical as well as disease management implications. The finding that AATD-associated 

COPD patients incur higher costs should be of high priority and interest to payers 

because their spending on a genetic variant of COPD has been on the rise for the past 

decade and is expected to increase further.75,222,337,338  This could motivate payers to 

invest in AATD-COPD disease detection and management endeavors. The higher use of 

ER visits and prescription medications may be mitigated if AATD-associated COPD 

patients enrolled in a disease management program.339-347 For example, among AATD-

affected patients, the ADMAPP has been demonstrated to reduce the number of 

outpatient and ER visits, as well as exacerbations, due to, but not limited to, optimization 
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in the use and improved adherence to prescription medicines for COPD.339 Alternatively 

or in collaboration, pharmaceutical manufacturers could sponsor a disease-management 

program with the intent to increase medication adherence, reduce costs and improve 

quality of care among COPD-affected patients.348  

The finding that AATD-associated COPD patients incurred twice the costs compared 

with non-AATD-associated COPD patients  was maintained for many years. OV and 

OTH services were the factors that contributed most to the observed increased costs 

before diagnosis, whereas OV, OP, ER, RX, and OTH were the cost drivers after the 

initial COPD diagnosis. Given the limitations of the dataset, certain factors that impact 

cost could not be explored, leaving some questions unanswered. For example, are there 

differences in health care trajectories and costs among smokers and non-smokers affected 

by AATD? If so, do patients who smoke for many years eventually become costly 

augmentation therapy users?  

This analysis detected significant delays in getting an AATD diagnosis after the 

initial COPD diagnosis.41,42,349 This finding is important to patients and payers, as a 

timely diagnosis of AATD status would facilitate more personalized care, through a 

reduction in the number of unscheduled physician visits.339  Building upon the premise 

that enrollment into a disease management program could potentially mitigate excess 

healthcare expenditures, earlier detection may lead to earlier benefit from ADMAPP. 

Payers need to exercise caution, however, because it remains unclear whether the benefits 

of the ADMAPP for AATD patients would apply to less severe AATD-COPD 

patients.339-347 Insurers should use this information to undertake a CEA study, as well as a 

budget impact analysis of participating in an AATD-associated COPD disease 
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management program (standard of care: COPD management program) to help address 

more directly the value of timely AATD diagnosis and management. Such analyses could 

add additional information on the true impact and the value of reducing the diagnostic 

delay, as well as regarding the potential of tailored disease-management programs and 

pharmacological management of COPD to improve outcomes and reduce health care 

costs in this unique population. 

This study also documented that the market entrance of a competitor AUG product 

did not decrease the annual health plan’s cost per AUG user. In fact, the availability of 

another AUG product in the market actually increased the annual per-patient medical 

costs among AUG users who also had a diagnostic claim for COPD. Based on 

pharmaceutical marketing and pricing strategies, the market entrance of a new product 

usually decreases market share among competitors, therefore competitors increase the 

cost of a product to maintain their revenues.350,351 This confirmatory finding is important 

to health plans because their Pharmacy and Therapeutics (P&T) Committees make 

decisions whether to include a new drug on their formularies. Therefore, insurers should 

use the evidence from this study to carefully assess the clinical benefits of introducing a 

new AUG product in the light of budgetary consequences of such decisions. These 

concerns are relevant in the era of skyrocketing healthcare expenditures, especially when 

newly introduced products do not compete through the mechanism of differences in 

clinical efficacy and safety.43-46 Future research should include a difference-in-difference 

analysis using GEEs, preferably accounting for patient’s weight as the main driver of 

AUG therapy cost,43-46 to confirm the findings of this study.  
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This research has additional implications for future researchers. Previously, the 

predominant method for conducting a rare-disease cost study was through primary data 

collection. Today, however, a large enough sample from a claims database belonging to 

one of the largest insurers in the United States offered an opportunity to study AATD. In 

a broader perspective, the size and availability of insurance datasets in the United States 

open a new chapter to study rare diseases, diseases with genetic components, as well as 

orphan drugs; historically, the sample size has been a major barrier to meaningful 

statistical inference.352-356 As such, this study presents cost estimates for the largest ever-

reported cohort of AATD-associated COPD patients. However, certain demographic 

variables and confounders, for example, environmental factors, patient’s genotypic 

characteristics (AATD phenotype), enabling resources and personal health practices 

cannot be accounted for with the use of administrative claims database. Several common 

shortcomings of claims datasets could be addressed by linking patient registries (with 

patient-reported measures, such as the one maintained by ADMAPP)357 to administrative 

and electronic health records. Such an approach could potentially result in even more 

accurate and precise estimates, although at an additional risk of patient re-identification 

and scrutiny under HIPAA.358  

This study estimated the economic impact of AATD-associated COPD and provided 

a rationale for additional research.270,271 As such, it explained drivers of health care costs 

due to AATD-associated COPD, helped better isolate the economic burden attributable to 

the presence of a genetic factor, laid foundations for future full economic evaluations 

(i.e.. CEA, BIA), and provides cost inputs for mathematical and econometric models. In 

addition, this study aligns with the NIH’s COPD National Action plan, by highlighting 
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the economic burden among patients with AATD in the United States.55 The alignment 

has been achieved by detecting and documenting the economic consequences of AATD-

associated due to unique health care needs as compared to similar patients with the more 

prevalent form of COPD. 
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10. APPENDIX 1. Aim 1: Healthcare utilization model diagnostics.  
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11. APPENDIX 2. Aim 1: Demographic and clinical characteristics of study cohorts 
after matching. 
 
Table 29. Aim 1: Demographic and clinical characteristics of study cohorts after 
matching. 
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12. APPENDIX 3. Aim 1: Covariates used in the negative binomial model.  
 
 
Y12b/a = β0 + δ* Alpha1 + γ*Age_category + π*Gender + ε*Race + κ*CCI 
+ θ*Region + ε*year_category + ϒ*Oxygen_use + λ*(Alpha1*CCI) 
+ψ*(Alpha1*Oxygen_use) + Ω*(Alpha1*year_category) +α*AUG  
 
y12b/a  – total 12-month healthcare resource utilization before/after the index date, stratified by cost bucket  
Age_cat – age categories (1 = 30 -39, 2 = 40 – 49. 3 = 50 – 59, 4 = 60-64, 5 = 65+) 
Alpha1 – AATD diagnosis status (1 = yes, 0 = no)  
Race – race variable (1 = White, 2 = Asian, 3 = Black, 4 = Hispanic) 
CCI – Quan’s Charlson Comorbidity Score 
Region – census region  
Year_category – timing of COPD diagnosis (1 = 2000 – 2009, 2 = 2010 – 2017) 
Alpha1*CCI – interaction term between AATD diagnosis and Quan’s Enhanced Charlson Comorbidity 
Score 
Gender – gender dummy variable (1 = male, 2 = female) 
AUG – augmentation therapy use dummy (0 = no, 1 = yes; used only after the index date) 
 
 



 

130 
 

13. APPENDIX 4. Aim 1: GLM Diagnostics.   
 
Table 30. Aim 1: GLM Diagnostics: AIC and BIC. 

 

 

LINK-FAMILY AIC BIC AIC BIC
OV COSTS

log-gamma 148,208 148,394 155,512 155,703
square root-gamma 148,237 148,421 155,523 155,715
log-gaussian 178,202 178,387 186,379 186,571
sqaure root-gaussian 178,269 178,453 186,415 186,606

log-poisson 2.65x107 2.65x107 5.20x107 5.20x107

square root-poisson 2.67x107 2.67x107 5.21x107 5.21x107

OP COSTS
log-gamma 156,972 157,156 148,889 149,275
square root-gamma 156,978 157,120 152,987 149,645
log-gaussian 187,555 187,740 189,391 189,594
sqaure root-gaussian 187,625 187,809 189,535 189,438

log-poisson 7.01x107 2.01x107 1.44x107 1.44x107

square root-poisson 2.01x107 2.01x107 1.56x107 1.56x108

ER COSTS

log-gamma 129,292 129,483 130,609 130,801
square root-gamma 129,519 129,710 131,391 131,568
log-gaussian 165,907 166,098 167,679 167,870
sqaure root-gaussian 166,147 166,339 168,072 168,264

log-poisson 2.01x107 2.01x107 2.34x107 2.34x107

square root-poisson 2.05x107 2.05x107 2.36x107 2.36x107

RX COSTS
log-gamma 161,022 161,204 167,907 168,099
square root-gamma 161,659 161,850 168,206 168,397
log-gaussian 204,215 204,407 209,146 209,338
sqaure root-gaussian 204,986 205,178 209,311 209,505

log-poisson 1.15x108 1.15x108 1.75x108 1.75x108

square root-poisson 1.28x108 1.28x108 1.83x108 1.83x108

OTH COSTS
log-gamma 129,959 130,144 139,836 140,028
square root-gamma 130,090 130,274 140,500 140,685
log-gaussian 180,427 180,612 190,505 190,696
sqaure root-gaussian 181,107 181,291 190,675 190,866

log-poisson 3.23x107 3.23x107 5.98x107 1.28x107

square root-poisson 3.29x107 3.29x107 6.06x107 6.06x107

IP COSTS
log-gamma 164,003 164,180 171,653 171,830
square root-gamma 16,514 165,312 171,691 171,868
log-gaussian 208,672 208,835 213,208 213,385
sqaure root-gaussian 211,144 211,328 213,648 213,825

log-poisson 2.25x108 2.25x108 3.04x108 3.04x108

square root-poisson 2.27x108 2.27x108 3.05x108 3.05x108

TOTAL COSTS
log-gamma 190,259 190,450 167,315 167,506
square root-gamma 190,297 190,488 167,354 167,545
log-gaussian 218,380 218,571 199,279 199,470
sqaure root-gaussian 218,411 218,602 199,280 199,471
log-poisson 3.68x108 3.68x108 1.33x108 1.33x108

square root-poisson 3.69x108 3.69x108 1.3x108 1.33x108

BEFORE THE INDEX DATE AFTER THE INDEX DATE
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Figure 14. Histogram illustrating the distribution of deviance residuals for the GLM used 
to estimate health care costs before the index date.  

 

 
Figure 15. Q-Q plot of the deviance residuals of the total pre-index cost GLM model.
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Figure 16. Histogram illustrating the distribution of deviance residuals for the GLM used 
to estimate health care costs after the index date.  

 
 

Figure 17. Q-Q plot of the deviance residuals of the total post-index cost GLM model. 
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14. APPENDIX 5. Aim 2: Demographic and clinical characteristics of study cohorts 
after matching. 

 
Table 31. Aim 2: Demographic and clinical characteristics of study cohorts after 
matching. 
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