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Résumé

Un score de risque polygénique (SRP) a été mis au point pour permettre une prédiction précoce du risque
de néphropathie chez les patients atteints de diabéte de type-2 (DT2). Le but de cette étude était d’évaluer
I’impact économique de I’implantation du SRP pour la prévention de la néphropathie chez les patients

atteints du DT2, par rapport aux méthodes de dépistage habituelles au Canada.

Tout d’abord, une revue systématique de la littérature a été effectuée pour examiner les évaluations
¢conomiques publiées sur le DT2 et la néphropathie. Les principales techniques de modélisation observées
dans cette revue ont été utilisées pour réaliser une analyse cott-utilité & I’aide d’un modele de Markov. Les
¢tats de santé du modéle étaient la pré-insuffisance rénale (pré-IR), I'IR et le décés. Les paramétres
d’efficacité du modéle ont été basés sur les résultats de 1’étude ADVANCE. Les analyses ont été menées

selon une perspective du systéme de soins et une perspective sociétale.

Sur un horizon temporel de la vie enti¢re du patient, le SRP était une stratégie dominante par rapport aux
méthodes de dépistage habituelles, selon les deux perspectives choisies. En effet, le SRP était moins
cotteux et plus efficace en termes d’années de vie ajustée en fonction de la qualité, par rapport aux
techniques de dépistage usuelles. Les analyses de sensibilité déterministe et probabiliste ont démontré que

les résultats demeurent dominants dans la majorité des simulations.

Cette évaluation économique démontre que 1’adoption du SRP permettrait de réduire les colts et

d’améliorer la qualité de vie des patients.

Mots-clés : Néphropathie diabétique, insuffisance rénale, diabéte de type 2, score de risque polygénique,

analyse cott-utilité, modéle de Markov
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Abstract

The current screening method for diabetic nephropathy (DN) is based upon the detection of urinary albumin
and the decline of estimated glomerular filtration rate, which occurs relatively late in the course of the
disease. A polygenic risk score (PRS) was developed for early prediction of the risk for type 2 diabetes
(T2D) patients who experience DN. The aim of this study was to assess the economic impact of the
implementation of the PRS for the prevention of DN in T2D patients, compared to usual screening methods

in Canada.

First, a systematic literature review was conducted to examine all published economic evaluations in T2D
and DN. The main trends in modelling technics obtained from this review were used to conduct a cost-
utility analysis using a Markov model. Health states include pre-end-stage renal disease (Pre-ESRD), ESRD
and death. Model efficacy parameters were based on prediction of outcome data by polygenic-risk testing

of the ADVANCE trial. Analyses were conducted from Canadian healthcare and societal perspectives.

Over a lifetime horizon, the PRS was a dominant strategy compared to usual screening methods, from both
a healthcare system and societal perspective. In other words, the PRS was less expensive and more effective
in terms of quality-adjusted life years compared to usual screening technics. Deterministic and probabilistic

sensitivity analyses showed that results remained dominant in the majority of simulations.

This economic evaluation demonstrates that the adoption of the PRS would not only be cost saving but

would also help prevent ESRD and improve patients’ quality of life.

Keywords: Diabetic nephropathy, end-stage renal disease, type 2 diabetes mellitus, polygenic risk score,

cost-utility analysis, Markov model
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1 Introduction to Diabetic Nephropathy

1.1  Type 2 Diabetes and its Associated Renal Complications

Diabetes is a metabolic disorder characterized by persistent elevations in glycemia. There exists two types
of diabetes mellitus, either type 1 (T1D) or type 2 (T2D). T1D, also known as insulin-dependent diabetes,
is characterized by an inadequate secretion of insulin from the beta cells of the pancreas.! This type of
diabetes generally develops during childhood or adolescence. Contrary to T1D, T2D, also known as non-
insulin-dependent diabetes mellitus, develops when the cells of the body do not respond adequately to
insulin.! This type of diabetes is the most prevalent, encompassing 90% of cases.? The onset of T2D usually
occurs later in life and is often associated with a family history of diabetes, an unhealthy diet, physical

inactivity or weight gain.!

Poor blood glucose control can cause damage to multiple organs, such as the heart, brain, kidneys, lower
limbs as well as the retina.> The blood vessels may also be affected, both at the microvascular and
macrovascular levels. For this reason, diseases such as retinopathy, nephropathy, neuropathy as well as
arterial and cardiovascular diseases are very common complications among diabetic patients.* More
specifically, up to one half of diabetic patients will demonstrate signs of renal damage throughout their
lifetime.* A variety of forms of chronic kidney diseases (CKD) can be seen in diabetes, including diabetic
nephropathy (DN), ischemic nephropathy related to vascular disease, hypertensive nephropathy, as well as

other renal diseases that are unrelated to diabetes.*

The focus of this master’s thesis is on DN in T2D patients. Diabetic nephropathy is classically defined as a
progressive increase in albuminuria, which is the presence of albumin in the urine, a typical sign of kidney
disease.* As the disease progresses, there is a progressive decrease in estimated glomerular filtration rate
(eGFR), eventually leading to end-stage renal disease (ESRD), where patients must resort to dialysis and

renal transplantation.*

1.2 The Pathogenesis of Diabetic Nephropathy
1.2.1  Anatomy and Physiology of the Kidney

The kidneys are complex organs that are essential in order to maintain multiple body functions such as:

excreting waste, reabsorbing vital nutrients, controlling osmolality and blood pressure regulation,
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maintaining acid-base homeostasis as well as hormonal secretion.’ The nephron, is the functional unit of
the kidney and each kidney contains on average, one million nephrons.® The nephron is composed of two
main structures, the renal tubule and the renal corpuscle.” The renal corpuscle contains a capillary network
called the glomerulus, to which blood arrives from the afferent arteriole and leaves from the efferent
arteriole.® The renal corpuscles main function is blood filtration. Filtration of the blood across the
glomerulus wall produces a glomerulus filtrate, which is a macromolecule and protein free solution.® The
glomerulus filtrate then enters the second main structure of the nephron, the renal tubule. The renal tubule
is a long tubular pathway subdivided into three main regions: (1) the proximal convoluted tubule (PCT),
(2) the nephron loop (also known as the loop of Henle) and (3) the distal convoluted tubule (DCT).® The
main function of the entire tubular pathway is the reabsorption of water, albumin, salt and other organic
solutes.® The filtrate then exits the nephron from the DCT into the collecting duct, which is a structure that

plays a role in the balance of fluid and electrolytes through hormonal regulation.®

The structure responsible for controlling the filtration rates of the nephron is the juxtaglomerular complex,
positioned near the DCT adjacent to the afferent arteriole of the glomerulus.® This complex is composed of
macula densa cells in the DCT, juxtaglomerular cells in the afferent arteriole as well as extraglomerular
mesangial cells, which occupies the space between the glomerulus, DCT and arterioles.® Also known as the
juxtaglomerular apparatus, these cells create an endocrine structure which is responsible for secreting the
hormones renin and erythropoietin, which are directly linked to the renin-angiotensin-aldosterone system
(RAAS).% These hormones are secreted when renal blood pressure, blood flow or local oxygen levels are
low, in order to restore normal filtration rates. More specifically, the RAAS is responsible for the regulation
of blood pressure. The secretion of renin from the kidneys converts angiotensin to angiotensin 1.
Angiotensin I is then converted into angiotensin II, which increases arterial pressure by the vasoconstriction
of the arterioles and through the secretion of aldosterone.” Aldosterone is responsible for stimulating sodium
reabsorption in the DCT and collecting ducts, which consequently increases water reabsorption and volume
of plasma; this increased renal blood flow contributes to the elevation of blood pressure.” In summary, the
secretion of renin enables a cascade of enzymes which acts on the sympathetic nervous system, renal
tubules, the adrenal cortex and the pituitary gland in order to increase ion concentration, and consequently

blood pressure.
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1.2.2  Grading/Classification of Kidney Function

Screening and diagnosis of chronic kidney disease (CKD) involves the assessment of two specific clinical
measures: (1) the estimated glomerulus filtration rate (¢GFR) and (2) proteinuria. Both measures allow to

assess the health of essential kidney functions.

1.2.2.1 Estimated Glomerulus Filtration Rate

The measure of the eGFR involves testing the rate of blood filtration from the glomerulus. According to
the 2018 Clinical Practice guidelines for chronic kidney disease (CKD) in diabetes, the estimated
glomerulus filtration rate (¢GFR) is the most common measurement of kidney function.* Since methods
associated with 24-hour urine collection are very demanding and often not performed accurately, equations
have been developed to measure the eGFR by combining serum creatinine levels along with other factors
such as age, weight, gender and race.* Two formulas are currently used to measure the eGFR: the four-
variable Modification of Diet in Renal Disease (MDRD) and the more recent Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI).%° The CKD-EPI is preferred across laboratories in Canada since
it is more accurate than the MDRD at high levels of renal function.’ Furthermore, the study by Matsushita
et al. (2012), evaluated the risk prediction using the CKD-EPI equation compared to the MDRD equation
for eGFR.!” This analysis was performed using meta-analysis data of 1,130,472 adult patients retrieved
from the chronic kidney disease prognosis consortium, assessing the overall improvement in reclassification
based on clinical eGFR categories.'® According to the results of this study, the CKD-EPI equation proved
to more accurately categorize the risk of mortality and ESRD compared to the MDRD equation.'®

In order to stratify patients with CKD, different degrees of impairment of the eGFR were aligned with

stages of CKD. All eGFR estimated with MDRD or CKD-EPI equations are expressed as ml/min per
1.73m?2. This grading system is presented in Table 1.
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Table 1. Stages of CKD According to eGFR

Stage Qualitative description GFR (ml/min/1.73m?)
1 Normal GFR >90
2 Mild GFR 60-89
3a Moderate GFR 45-59
3b Moderate GFR 30-44
4 Severe GFR 15-29
5 End-stage renal disease <15

GFR: Glomerular filtration rate
Adapted from: Philip McFarlane, D. C., Richard E.Gilbert and Peter Senior (2018). "2018 Clinical Practice
Guidelines- Chronic Kidney Disease in Diabetes." Canadian Journal of Diabetes 42: S201-S209.

1.2.2.2 Proteinuria

The second measure, known as proteinuria, involves testing the capacity of the tubules for absorption and
excretion of materials to and from the filtrate. More specifically, according to the 2018 Canadian diabetes
guidelines, proteinuria is measured with the urine-albumin-to-creatinine ratio (UACR).* Although the
protein-to-creatinine ratio (PCR) is also a valuable test for proteinuria, UACR was proven to have greater
accuracy in terms of both specificity and sensitivity.''?> Furthermore, in diabetic patients, albuminuria is a
surrogate endpoint for early DN, therefore UACR is prioritized.!' Other types of tests for albuminuria are
also available. The 24-hour urine collection for protein/albumin is the gold standard for measuring
proteinuria, however, it is an inconvenient test that is more complicated to implement.* The random urine
albumin is also available, but never used since it is an insufficient measure since urinary albumin may vary
according to urine concentration.* Therefore, the UACR is the key clinical measure for screening for
albuminuria, predicting the 24-hour urinary albumin excretion. Similar to the eGFR measure, different
albumin levels represent distinct stages of nephropathy, known as normoalbuminuria, microalbuminuria
and macroalbuminuria. The different UACR measures and their associated albuminuria stages are presented

in Table 2.
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Table 2. Stages of Nephropathy by Level of Urinary Albumin

Urine dipstick for UACR 24-hour urine collection
Stage of nephropathy
protein (mg/mmol) for albumin (mg/day)
Normoalbuminuria Negative <2 <30
Microalbuminuria Negative 2-20 30-300
Macroalbuminuria Positive >20 >300
End-stage renal disease Positive >67 >1000

UACR: Urinary-albumin-creatinine ratio
Adapted from: Philip McFarlane, D. C., Richard E.Gilbert and Peter Senior (2018). "2018 Clinical Practice
Guidelines- Chronic Kidney Disease in Diabetes." Canadian Journal of Diabetes 42: S201-S209.

1.2.3  The Pathology of Diabetic Nephropathy

Diabetes is a chronic disease associated with damage to multiple organs, such as the kidneys, and may lead
to DN, CKD and eventually ESRD. The deleterious effects of diabetes related to these complications are
directly associated with damage to the nephrons, more specifically the renal tubules and the glomerulus.
Two pathways are involved in the damage of the kidneys in DN: the hemodynamic and metabolic
pathways."® The hemodynamic pathway results from the activation of the RAAS, which leads to the
vasoconstriction of the efferent arteriole. More specifically, elevated levels of angiotensin Il are related to
increased albumin levels and nephropathy.'* The metabolic pathway of DN is directly linked with
hyperglycemia. As explained by Brownlee et al., hyperglycemia leads to the upregulation of four distinct
pathways, where each one is associated with its distinctive effects on the kidneys: (1) the polyol pathway,
(2) the hexosamine pathway, (3) the production of advanced glycation end products and (4) the activation

of protein kinase C.'*

Although the hemodynamic and the hyperglycemic pathways are the two main actors responsible in the
development of DN, other factors are also considered to have an influence. Inflammatory pathways
associated with the chronically activated innate immune system and low-grade inflammatory state in
diabetic patients is also thought to play a role in the process of DN development.'* Alternative pathways,
including decreased autophagic activity, demonstrated in both obese and diabetic patients, may also impact

the development of DN.!'
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1.3 Screening and Diagnosis of Diabetic Nephropathy

The current screening technique for DN is based upon the detection of albumin in the urine as well as a
decline of the glomerular filtration rate (GFR), as mentioned previously. According to the Canadian
diabetes guidelines, T2D patients require screening at diagnosis and annually thereafter.* When no transient
causes of albuminuria or low eGFR are present, a random UACR and a serum creatinine test are ordered
annually. If the eGFR<60 mL/min or ACR >20.0 mg/mmol, another serum creatinine test for eGFR in 3
months and 2 repeat random urine ACR over the next three months are required.* If at three months the
eGFR<60 mL/min or two or three of the ACR >20.0 mg/mmol, chronic kidney disease (CKD) is
diagnosed.* Additional tests, such as urine routine and microscopic (R&M), urine dipstick and serum
electrolyte tests are required, in order to ensure the diagnosis of CKD is specifically due to diabetes and no

other potential diseases.*

1.4 Management of Diabetic Nephropathy: Current Treatment Options

The management of DN is primarily based upon prevention and regression of the disease. Although the
regression of DN has been evaluated, current treatment options do not allow for the complete reversal of
kidney damage. Furthermore, the prevention of DN is based upon early treatment; it has been observed that
drugs present higher success rates for the prevention of DN when given at a very early stage in the disease. '’
Therefore, based on these statements, the main objectives in the management of DN rely on (1) preventing
renal disease at the time of diagnosis of T2D and (2) mitigating the progression of renal disease for patients

who already have renal complications at the diagnosis of T2D.*

Lifestyle modifications, including nutritional therapy, weight management and physical activity, should be
the initial non-pharmacological prevention interventions for patients with T2D.* However, due to the
deleterious effects of hemodynamic and hyperglycemic pathways in DN, these two components must be
properly controlled. Other components, including inflammatory pathways, may also be managed in the
treatment of DN. However, since hemodynamic and hyperglycemic pathways are the two main causes
associated with DN, only the current treatment options associated with the control of hypertension and

glycemia, will be presented in this memoir.
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1.4.1 Glycemic Control

Controlling glycemia as soon as possible after the diagnosis of T2D helps to reduce the risk for developing
DN. Furthermore, intensive glucose control may also slow and/or prevent the progression of renal damage.
Although the optimal target glycated hemoglobin (A1C) remains controversial, key pivotal studies support
that an A1C of approximately 7% would achieve renal protection. The following studies supported this
claim: Diabetes Control and Complications Trial (DCCT), Kumamoto study, United Kingdom Prospective
Diabetes Study (UKPDS), and Veterans Affairs Diabetes Trial (VADT).!*!” The Action in Diabetes and
Vascular disease: PreterAx and Diamicron MR Controlled Evaluation (ADVANCE) study also
demonstrated that an A1C target of less than 6.5% could reduce the progression of nephropathy.? It is to
note that all of these studies evaluated patients with early renal disease; therefore, there is no clear evidence

of the glycemic control management of diabetic patients with more advanced renal problems.

Different antihyperglycemic therapies are available for use in Canada: biguanides, incretins, sodium-
glucose cotransporters-2 (SGLT2) inhibitors, alpha-glucosidase inhibitors, insulins, insulin secretagogues
and thiazolidinediones (TZD) (Table 3). Two specific drug families, PRAP-y inhibitors and dipeptidyl
peptidase-4 (DPP-4) inhibitors, provide a renal protective effect in addition to their hypoglycemic action.?!
However, some drugs require special precautions and/or dose adjustments for patients with advance kidney

disease. 2

1.4.2 Blood Pressure Control

As mentioned previously, the hemodynamic pathology of DN may also benefit from proper blood pressure
control. According to the 2018 Canadian diabetes guidelines, a target blood pressure <130/80 mmHg is
sufficient to provide renal protection.* However, although the control of blood pressure may be important
in the prevention and progression of CKD, none of the studies evaluating this impact have demonstrated a

statistically significant benefit on reduction of ESRD and/or improvement in kidney function.?

Blockade of the RAAS is a common first-line treatment for patients with T2D and hypertension. The
blockade of this system is performed with either angiotensin-converting enzyme inhibitor (ACEI) or
angiotensin receptor blocker (ARB).* Within this target population, these treatments are known to reduce
the risk for developing CKD, independent of their effect on blood pressure.* More specifically, ACEI are
known to decrease albuminuria and prevent the degradation of CKD, while ARB delays the time to ESRD.*
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Finally, the combination of RAAS blockers with another or second-line treatments are also considered in

the clinical guidelines.

Table 3. Antihyperglycemic Agents for use in T2D in Canada

Treatment Class Mechanism of Action Drug
¢ Enhances insulin sensitivity in liver and peripheral o Metformin
Biguanide tissues by the activation of AMP-activated protein o Metformin
kinase Extended release

o DPP-4 inhibitors
(ex. Linagliptin,

. e [ncreases glucose insulin release saxagliptin, etc.)
Incretin . .
o Slows gastric emptying o GLP-1 receptor
e Inhibits glucagon release agonists

(ex. Exenatide,
dulaglutide, etc.)

Sodium-Glucose e [nhibits SGLT-2 transport protein to prevent glucose * Canaglifozin;

Cotransporter-2 . . o Dapaglifozin;
(SGLT2) Inhibitors reabsorption by the kidney « Empaglifozin
Alpha-glucosidase e Inhibits pancreatic a-amylase and intestinal a-
inhibitor glucosidase * Acarbose
Bolus insuli
. e Activates insulin receptors to regulate metabolism of * oS Imsun
Insulin e Basal insulin

carbohydrate, fat, and protein ) . .
y o p e Premixed insulin

o Meglitinides

(ex. Repaglinide)
Insulin e Activates sulfonylurea receptor on p-cell to stimulate | e Sulfonylureas
Secretagogues endogenous insulin secretion (Gliclazide,

glimepiride,

glyburide, etc.)

e Enhances insulin sensitivity in peripheral tissues and
liver by activation of peroxisome proliferator ¢ Rosiglitazone;
activated receptor-activated receptor- gamma e Pioglitazone.
receptors (PRAP-y)

DDP-4: dipeptidyl peptidase-4, GLP-1: Glucagon-like peptide-1, SGLT-2.: Sodium-Glucose Cotransporter-
2, TZD: Thiazolidinediones

Adapted from: Lipscombe L, B. G., Butalia S, Dasgupta K, Eurich DT, Goldenberg R, Khan N,
MacCallum L, Shah BR, Simpson S, (2018). "2018 Clinical Practice Guidelines: Pharmacologic Glycemic
Management of Type 2 Diabetes in Adults." Canadian Journal of Diabetes, 42: S88-S103.%!

Thiazolidinediones
(TZD)
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1.5 Management of End-Stage Renal Disease: Renal Replacement Therapy

DN may eventually lead to irreversible damage to the kidneys, also known as ESRD. At this stage, patients
require renal replacement therapy, which may include either dialysis or renal transplantation therapy (RT).**
The first-choice treatment for eligible patients is a kidney transplant from a live donor.?* However, if no
live donor is available, kidneys from deceased donors are still significantly much better and preferred

compared to dialysis.?*

1.5.1 Dialysis

Dialysis replaces the essential function of the kidney, which is to filter blood. It removes waste, salt and
excess water, provides an adequate balance of electrolytes and helps control blood pressure.® There exist

two types of dialysis: hemodialysis (HD) and peritoneal dialysis (PD).

1.5.1.1 Hemodialysis

In HD, blood is processed out of the body through a filter, called a dialyzer, and then reintroduced into the
body. Hemodialysis can be administered either in-centre (ICHD) or at home (HHD).?

In-centre HD is the most frequent type of dialysis, since healthcare professionals take care of the set-up and
are also present for the proper patient monitoring.*® The schedule for ICHD is usually three times per week,
where each dialysis session lasts approximately four hours.?® This type of HD is, however, cumbersome

and can interfere with work and daily activities.

Home HD allows for longer and more frequent dialysis, which is more representative of actual kidney
function. Home HD is usually performed three to seven times per week, with treatment sessions that last
approximately 2 to 10 hours.?® Different modalities exist: standard HHD, short daily HHD or nightly
HHD.? The physician is responsible for choosing which modality and which frequency is best for the
patient. In a systematic literature review and meta-analysis reviewing the health-related quality of life in
HHD patients compared to ICHD, it was concluded that HHD improved the health-related quality of life
on the physical domain, with a standard mean deviation of 0.14 (95% CI, 0.04 to 0.24).2° Although HHD
has proven to increase patient's quality of life compared to ICHD, training time for HHD is extensive and

often discourages many of prioritizing this treatment option.?’
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1.5.1.2 Peritoneal Dialysis

Peritoneal dialysis uses the lining of the abdomen, also known as peritoneum, to filter blood inside the
body.? Before starting PD, surgery is performed in order to place a catheter in the abdomen. The dialysis
procedure involves inserting dialysis solution into the abdomen through the catheter; once the bag is empty,
the catheter 