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Quantitative insights for precision medicine

Sameed Ahmed,1,4,* Jennifer C. Sullivan,2 and Anita T. Layton1,3

SUMMARY

Less than half of all hypertensive patients receiving treatment are successful in
normalizing their blood pressure. Despite the complexity and heterogeneity of
hypertension, the current antihypertensive guidelines are not tailored to the
individual patient. As a step toward individualized treatment, we develop a quan-
titative systems pharmacology model of blood pressure regulation in the sponta-
neously hypertensive rat (SHR) and generate sex-specific virtual populations of
SHRs to account for the heterogeneity between the sexes and within the patho-
physiology of hypertension.We then used themechanistic model integratedwith
machine learning tools to study how variability in these mechanisms leads to dif-
ferential responses in rodents to the four primary classes of antihypertensive
drugs. We found that both the sex and the pathophysiological profile of the indi-
vidual play a major role in the response to hypertensive treatments. These results
provide insight into potential areas to apply precision medicine in human primary
hypertension.

INTRODUCTION

Hypertension is a major preventable risk factor for cardiovascular disease and stroke, affecting

about 46% of adults in the United States (Virani Salim et al., 2020). Despite various treatment

efforts, only about half of all hypertensive patients receiving treatment achieve adequate blood

pressure control (Ritchey et al., 2018). This low success rate may be attributable, in part, to the charac-

terization of most (90%–95%) of the hypertensive patients by primary, or essential, hypertension, which is

a heterogeneous disease with multiple underlying pathophysiological mechanisms (Oparil et al., 2018).

Compounding the issue is that sex differences exist in the regulation of blood pressure, prevalence

and etiology of hypertension, and response to therapy (Kalibala et al., 2020; Reckelhoff, 2018).

Meanwhile, although the eighth report of the Joint National Committee on the prevention, detection,

evaluation, and treatment of high blood pressure provides antihypertensive guidelines that are broadly

specified for certain ages, ethnicities, and comorbidities, they are not tailored to the patient. In partic-

ular, the guidelines are not distinguished for either the pathophysiological profile or the sex of the

patient (James et al., 2014).

Several organs and systems are involved in regulating blood pressure, including the kidney, nervous sys-

tem, and endocrine system. These systems collectively detect variations in blood pressure and respond

accordingly to restore blood pressure homeostasis. This is accomplished by regulating arterial resistances

through changing vascular muscle tone or by regulating body fluid levels through changing sodium reab-

sorption along the nephron. Primary hypertension results from the aberrance in several of these regulators,

which makes it difficult to treat.

Quantitative systems pharmacology (QSP) models are useful for understanding complex mechanisms,

testing hypotheses, and guiding treatment (Clegg and Mac Gabhann, 2015; Gibson et al., 2018). The sem-

inal quantitative model for blood pressure regulation was developed by Guyton et al. (1972) and has since

been updated and expanded by several researchers (Ahmed and Layton, 2020; Hallow and Gebremichael,

2017a; Hallow et al., 2014; Hester et al., 2011; Karaaslan et al., 2005; Leete and Layton, 2019). In previous

studies, we developed the first sex-specific quantitative model for the renin-angiotensin system (RAS)

(Leete et al., 2018); we then incorporated the RAS model into a sex-specific model blood pressure
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regulation in the rat and used the resulting model to understand sex-specific physiological mechanisms

responsible for sexual dimorphisms in blood pressure regulation (Ahmed and Layton, 2020). We now uti-

lized this model to develop the first model of primary hypertension based upon the spontaneously hyper-

tensive rat (SHR). We created a virtual population to represent the genetic diversity in the pathophysiology

of hypertension and then used themodel to study themechanisms attributable for differential responses to

antihypertensive treatment among male and female SHR populations.

RESULTS

Formation of the virtual spontaneously hypertensive rat individual and population

By perturbing the selected parameters that represent the etiology of hypertension in the SHR and fitting

these parameters to experimental data, we create a virtual SHR. This means that key physiological vari-

ables are within range, and the model simulations under perturbation of Ang II infusion and sodium

loading match experimental data (Sullivan et al. [2010] for the former and Brinson et al. [2014], Wyss

et al [1987, 1994] for the latter). Model simulation results alongside experimental data across male

and female virtual populations are plotted in Figure 1A under Ang II infusion and in Figure 1B under

sodium loading. There is good agreement between the calibrated virtual population and the corre-

sponding experimental data. Following this procedure, we create male and female virtual populations

consisting of 1,000 individuals for each sex. Posterior distributions for the fitted pathophysiological pa-

rameters are given in Figure 2. The simulated baseline normotensive values of key physiological variables

as well as the mean and standard deviation across the hypertensive virtual populations are given in

Table 1. Also provided are the experimental ranges for the variables, which are the physiological con-

straints that are imposed when estimating the parameters. All simulated key physiological variables

are within experimental range. When compared with the normotensive virtual individual, most hyperten-

sive virtual individuals are characterized by an elevated vascular resistance (Figures 2A–2C), with males

having a greater proportion of individuals with elevated arterial resistance (Figure 2A) and females hav-

ing a greater proportion of individuals with elevated venous resistance (Figure 2B). Afferent arteriolar

resistance has a similar distribution in virtual males and females. Most hypertensive virtual individuals

also have greater renin secretion, aldosterone secretion, renal sympathetic nerve activity, and antidi-

uretic hormone secretion (Figures 2D–2G) than normotensive virtual individuals. An important point to

note is that while imposing physiological constraints on the variables (Table 1), we still observe a wide

spread in the pathophysiological parameters (Figure 2). Full details on developing the hypertensive

model and generating the virtual population are provided in transparent methods. For a complete list

of all model variable and parameter values, see Table S1.

Figure 1. Model simulated results across the virtual population along with experimental data under experimental

scenarios used to estimate pathophysiological parameters

Model simulations are given by the lines, and experimental data are given by the points. Solid lines are the average value,

and dotted lines are the 95% confidence interval for the model simulation. Error bars are the 95% confidence interval (A) or

range (B) for the experimental data.

(A) Mean arterial pressure (MAP) time course when angiotensin (Ang) II is infused at day 0. Experimental data are from

Sullivan et al. (2010).

(B) MAP steady-state values in response to sodium loading. Experimental data are from Brinson et al. (2014) andWyss et al

(1987, 1994).

See also Figure S2.
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Calibration and validation of antihypertensive drugs simulations

Angiotensin-converting enzyme inhibitor and angiotensin receptor blocker

We simulate the administration of angiotensin-converting enzyme (ACE) inhibitor (ACEi) by inhibiting the re-

action rate of ACE converting Ang I into Ang II. By choosing 96% inhibition of cACE , we observe on average a

4.13G 0.07-fold increase in plasma renin activity (PRA) in males, which is within range of experimental data on

male SHRs given ACEis captopril, benazerpril, and perindopril (Antonaccio et al, 1979, 1980; Bunkenburg

et al., 1991; Unger et al., 1986). Model calibration and validation with experimental data for drug simulations

are summarized in Table 2. As a result, simulated mean arterial pressure (MAP) decreases significantly by

19.2% G 1.6% in males, which is consistent with experimental results (Table 2) (Antonaccio et al., 1979; Bun-

kenburg et al., 1991; Richer et al., 1987). Females have a similar simulatedMAP decrease of 19.9%G 5.2%.We

observe a large decrease in simulated glomerular filtration rate (GFR) in males and females of 32.6% G 2.5%

and 23.4%G 2.8%, respectively. GFR response to ACEi in males is consistent with experimental results (Fran-

cischetti et al., 1998). The inhibition response curve for the entire inhibition range of cACE is shown in Figure 3A,

where we simulate the steady-state MAP response corresponding to the level of inhibition. We observe a

greater decrease in MAP for greater inhibition levels, which is indicative of the thresholding of various autor-

egulatory mechanisms involved in blood pressure regulation. Note that this model simulation is an inhibition

response curve. Therefore we do not observe the typical curve shape seen in dose-response curves, whereby

the curve levels off for greater doses due to a saturation in response.

Similarly, we administer an angiotensin receptor blocker (ARB) to the model by inhibiting the binding rate

of Ang II to its type 1 receptor (AT1R). By choosing 94% inhibition of cAT1R , we observe on average a 6.50G

0.20-fold increase in PRA in males, which is within range of experimental data on male SHRs given ARBs

candesartan and losartan (Table 2) (Bunkenburg et al., 1991; Kohara et al., 1993; Mizuno et al., 1992a,

1992b). We observe similar qualitative results as with administration of ACEi, but with a larger magnitude.

MAP decrease in males is consistent with experimental results (Table 2) (Bunkenburg et al., 1991; Kohara

et al., 1993; Wong et al., 1991). Simulated MAP decreases by 23.4% G 2.0% in males and 27.3% G 5.2%

in females, and simulated GFR decreases by 42.5% G 2.8% in males and 32.5% G 3.3% in females. Model

prediction in males for the decrease in GFR in response to ARB agrees qualitatively with experimental re-

sults but overestimates the effect (Fenoy et al., 1991). The simulated inhibition response curve for the entire

inhibition range of cAT1R is shown in Figure 3B.

Administering ACEi or ARB results in a decrease in Ang II bound to AT1R, which has a multitude of down-

stream effects, ultimately resulting in a reduction in MAP due to a reduction in body fluids. This reduction in

Figure 2. Distribution of parameters involved in the etiology of hypertension in male and female virtual populations

Values are plotted as fold change from baseline. The perturbed parameters are those related to (A) arterial resistance; (B) venous resistance; (C) afferent

arteriolar resistance; (D) renin secretion rate; (E) aldosterone secretion rate; (F) renal sympathetic nerve activity; (G) antidiuretic hormone secretion rate; (H)

strength of myogenic effect. See also Figures S1 and S2.
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body fluids is achieved through an increase in GFR and a decrease in sodium, and thus water, reabsorption

along the nephron. Mechanisms explaining the drop in MAP are plotted in Figures 3C–3F for representa-

tive male and female virtual individuals who are administered ACEi at day 0 (see Figure S1 for the physio-

logical systems connections). An increase in GFR is caused by the vasodilation of the renal vasculature such

that the efferent arteriolar resistance to renal vascular resistance ratio increases (Figure 3C; see Equations

S17–S21). Note that although the vasodilatory effect of decreasing AT1R-bound Ang II causes an increase

in GFR, the net change of administering ACEi is a decrease in GFR. This is because the resulting decrease in

MAP lowers the glomerular hydrostatic pressure, which in turn lowers GFR in greater magnitude (results not

shown). A decrease in sodium reabsorption along the nephron occurs along the proximal segment, due to

a decrease in AT1R-bound Ang II, and along the distal and collecting segments, due to a decrease in aldo-

sterone (Figures 3D and 3E). Mechanisms for a drop in MAP after administering ARB are similar.

Calcium channel blocker

We simulate the administration of calcium channel blocker (CCB) by reducing the baseline afferent,

efferent, and systemic arterial resistances by 85%, 57%, and 57%, respectively. This results in a net decrease

of 70.5% G 1.0% in the afferent arteriolar resistance in males, which is within range of the in vivo experi-

mental data reported for administering nifedipine in male SHRs (Table 2) (Messing et al., 1991). As a result,

simulatedMAP decreases by 16.1%G 1.6% in males, which is consistent with experimental results (Table 2)

(Messing et al., 1991). Females have a greater decrease in simulated MAP of 19.6%G 3.5%. Simulated GFR

increases in males and females by 3.15% G 0.21% and 8.87% G 1.11%, respectively. Model prediction in

males for the increase in GFR in response to CCB agrees qualitatively with experimental results but under-

estimates the effect (Johns, 1988). The simulated inhibition response curve for the entire vasodilation range

of the afferent arteriole is shown in Figure 4A.

Administering CCB results in a reduction in MAP due to reduction in arterial resistance and body fluids. It

also causes an increase in GFR due to the greater effect on the afferent arteriole than the efferent arteriole,

thereby increasing the efferent arteriolar resistance to renal vascular resistance ratio (Figure 4B). Mecha-

nisms explaining the drop in MAP are plotted in Figures 4B–4F for representative male and female virtual

individuals who are administered a CCB at day 0. Although cardiac output increases due to a reduction in

the resistance to venous return (Figure 4E), the net effect is a reduction inMAP due to the larger decrease in

total peripheral resistance (Figure 4F; see Equations S3–S5).

Thiazide diuretic

We simulate the administration of a thiazide diuretic (TZD) by decreasing the fractional amount of sodium

along the distal segment of the nephron by 50% and increasing the amount of renin secretion by 100%. This

Table 1. Key physiological variables for male (M) and female (F) normotensive (NTN) and hypertensive (HTN) rats

Variable Units M, F NTN M, F HTN M, F Exp. Range Reference

Mean arterial pressure mmHg 103, 103 147 G 4, 140 G 4 [143, 153], [133, 143] (Freeman et al., 1975; Smith and

Hutchins, 1979; Sullivan et al., 2010)

Cardiac output ml/min 54.6, 34.8 56.3 G 1.3, 35.6 G 1.0 [51.9, 57.3], [33.1, 36.5] (Badyal et al., 2003)

Total peripheral resistance mmHg/(mL/min) 1.89, 2.96 2.61 G 0.07, 3.93 G 0.07 [2.50, 2.95], [3.64, 4.32] (Badyal et al., 2003)

Renal blood flow ml/min 13.1, 8.35 13.2 G 0.1, 8.46 G 0.05 [12.4, 13.8], [7.93, 8.77] (Arendshorst and Beierwaltes, 1979)

Renal vascular resistance mmHg/(mL/min) 7.87, 12.3 11.2 G 0.3, 16.6 G 0.5 [10.4, 12.3], [15.2, 18.0] (Arendshorst and Beierwaltes, 1979)

Afferent arteriolar resistance mmHg/(mL/min) 2.99, 4.68 6.29 G 0.34, 8.95 G 0.46 [5.28, 7.66], [7.18, 10.7] (Arendshorst and Beierwaltes, 1979)

Efferent arteriolar resistance mmHg/(mL/min) 4.88, 7.64 4.88 G 0.02, 7.61 G 0.04 [4.64, 5.12], [7.26, 8.02] (Arendshorst and Beierwaltes, 1979)

Glomerular filtration rate ml/min 2.44, 1.67 2.47 G 0.06, 1.73 G 0.02 [2.32, 2.56], [1.59, 1.75] (Arendshorst and Beierwaltes, 1979)

Urine flow ml/min 0.0300,

0.0300

0.0304 G 0.0005,

0.0300 G 0.0001

[0.0285, 0.0315],

[0.0285, 0.0315]

(Arendshorst and Beierwaltes, 1979)

Blood volume Ml 15.0, 12.0 18.3 G 0.2, 15.8 G 0.1 -, - (Beierwaltes et al., 1982)

Plasma Na+ concentration mEq/min 143, 147 143 G 1, 146 G 1 [140, 146], [144, 150] (Freeman et al., 1975)

Normotensive column is themodel-simulated normotensive values. Hypertensive column is themodel-simulated value of themeanG standard deviation among

the hypertensive virtual population. Exp. Range column, if provided, is the physiological constraint from experimental data imposed when estimating the param-

eters for the SHR. Reference column provides the reference for the experimental data from where the range is determined.
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results in a 0.88% G 0.20% decrease in plasma sodium concentration and a 2.07 G 0.08-fold increase in

plasma renin activity in males, which is within range of experimental data reported for hydrochlorothiazide

administered in male SHRs (Table 2) (Lai et al., 1982; Mougenot et al., 2005; Yonetani et al., 1987). As a

result, simulated MAP decreases by 7.72% G 0.86% in males, which is consistent with experimental results

(Table 2) (Lai et al., 1982; Mougenot et al., 2005; Yonetani et al., 1987). Females have amuch larger decrease

in simulatedMAP of 17.7%G 3.5% (see explanation below). SimulatedGFR decreases in males and females

by 7.15%G 1.55% and 23.0%G 1.1%, respectively. GFR response to TZD in males is consistent with exper-

imental results (Komatsu et al., 1996). The simulated inhibition response curve for the entire inhibition

range of the distal tubule fractional reabsorption is shown in Figure 5A.

Administration of a TZD results in a reduction in MAP due to a reduction in body fluids. Mechanisms ex-

plaining the drop inMAP are plotted in Figures 5B–5E for representativemale and female virtual individuals

who are administered TZD at day 0. The natriuresis and diuresis effects of TZD are acute, lasting about half a

day, after which steady-state urine flow is slightly lower than the pre-drug value due to equilibration with a

lower water intake (Figure 5C; see Equations S83 and S84). Initially, cardiac output decreases significantly

due to fluid loss and total peripheral resistance increases slightly due to the autoregulatory feedback of a

reduced MAP. After about half a day, total peripheral resistance gradually decreases, whereas cardiac

output gradually increases, equilibrating at a new set point that sustains the chronic reduction in MAP (Fig-

ures 5D and 5E).

Males and females respond differently to the different drug classes

Angiotensin-converting enzyme inhibitor and angiotensin receptor blocker

Male and female virtual SHRs both experience a large reduction in MAP after administration of ACEi and

ARB. For sufficiently large doses, the reduction in simulated MAP is larger in females than in males, despite

the fact that females have a lower baseline MAP in hypertension (140 [F] versus 147 [M] mmHg; Table 1).

Model simulations attribute this dimorphism in response to ACEi to two reasons. Females have a higher

post-drug to pre-drug relative GFR when compared with males (i.e., a smaller decrease after drug admin-

istration; explained below). Additionally, sex differences are known in kidney function (Ahmed et al., 2019;

Layton and Sullivan, 2018). In particular, when compared with males, females have a load shift of fractional

sodium reabsorption from the proximal segment to the distal and collecting segments (Ahmed and Layton,

2020; Hu et al, 2019, 2020; Li et al., 2018; Veiras et al., 2017). And the latter two segments are more greatly

impacted by the reduction in fractional sodium, and consequentially water, reabsorption due to the reduc-

tion in aldosterone concentration (Figures 3D and 3E; see Equations S39, S40, S44, and S47). Together,

these two effects allow for a greater excretion of body fluids in females than in males (Figure 3F). The sexual

dimorphism is greater in response to ARB than ACEi due to the additional effect of Ang II bound to its type

2 receptor (AT2R). In response to ACEi, Ang II bound to AT2R decreases, whereas in response to ARB,

Table 2. Model calibration and validation with experimental data for drug simulations

Drug Effect Calibration Exp. Range Reference Validation Exp. Range Reference

ACEi 96% PRA increase

4.13 G 0.07-fold

[4,10] (Antonaccio et al., 1979;

Bunkenburg et al., 1991;

Unger et al., 1986)

MAP decrease

19.2 G 1.6%

[13, 36] (Antonaccio et al., 1979;

Bunkenburg et al., 1991;

Richer et al., 1987)

ARB 94% PRA increase

6.50 G 0.20-fold

[6, 14] (Bunkenburg et al., 1991;

Kohara et al., 1993;

Mizuno et al., 1992b)

MAP decrease

23.4 G 2.0%

[14, 27] (Bunkenburg et al., 1991;

Kohara et al., 1993;

Wong et al., 1991)

CCB 85% AAR decrease

70.5 G 1.0%

[50, 80] (Messing et al., 1991) MAP decrease

16.1 G 1.6%

[13, 23] (Messing et al., 1991)

TZD 50%, 100% [Na+] decrease

0.88 G 0.20%

PRA increase

2.07 G 0.08-fold

[0.2, 1.2]

[2.2, 3.2]

(Yonetani et al., 1987)

(Lai et al., 1982;

Mougenot et al., 2005)

MAP decrease

7.72 G 0.86%

[5.5, 8.6] (Lai et al., 1982; Mougenot

et al., 2005)

Exp., experimental; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; PRA, plasma renin activity; MAP, mean arterial pressure.

Calibration and validation results are from model simulations, whereas the experimental range is determined from experimental data in the corresponding ref-

erences.
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AT2R-bound Ang II increases. This results in vasoconstriction and vasodilation, respectively, of the

afferent arteriole in females only (Ahmed and Layton, 2020) (see Equations S22 and S29). A greater

simulated MAP reduction in female SHRs at sufficiently high doses is consistent with experimental

findings with ACEi (Dalpiaz et al., 2013; Gong et al., 1994) and ARB (Rodrigues et al., 2006; Zimmerman

et al., 2014).

After administration of ACEi or ARB, despite the larger decrease in MAP (�19.2% G 1.6% [M] versus

�19.9% G 5.2% [F] and �23.4% G 2.0% [M] versus �27.3% G 5.2% [F] for ACEi and ARB, respectively) in

virtual females than in virtual males, females have a smaller decrease in simulated GFR (�32.6% G 2.5%

[M] versus �23.4% G 2.8% [F] and �42.5% G 2.8% [M] versus �32.5 G 3.3% [F] for ACEi and ARB, respec-

tively). GFR decrease is due to a decrease in glomerular hydrostatic pressure. As aforementioned, this

decrease is mitigated by the increase in the efferent arteriolar to renal vascular resistance ratio (Figure 3C),

which is due to a greater vasodilation of the afferent arteriole than the efferent arteriole. There are several

Figure 3. Model simulated response to angiotensin-converting enzyme inhibitor (ACEi) and angiotensin receptor

blocker (ARB)

(A and B) Steady-state mean arterial pressure (MAP) inhibition response to varying inhibition levels of the rate constant

after administering (A) ACEi and (B) ARB. MAP is shown as relative percent change. Solid lines are the average value.

Dotted lines are the 95% confidence interval.

(C–F) Time varying mechanisms explaining the drop in MAP after ACEi is administered at a 96% inhibition of the rate

constant at day 0 in representative virtual individuals. All values are plotted as relative change from baseline. Mechanisms

explaining the drop in MAP after ARB administration are similar. (C) Ratio of efferent arteriolar (EAR) to renal vascular

resistance (RVR). (D) Aldosterone concentration (ALD). (E) Total fractional amount of sodium (FRNA+) and water (FRW)

reabsorbed in the kidney. (F) Blood volume (BV).

See also Figure S1.
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physiological mechanisms at play that affect the afferent arteriolar resistance after administration of ACEi/

ARB, two of which are the most significant, as suggested by model simulations, in causing the afferent arte-

riole in females to vasodilate more than that in males. The decrease in MAP causes renal sympathetic nerve

activity (RSNA) to increase, which in turn increases the afferent arteriolar resistance. As females have a less

excitatory RSNA (Ahmed and Layton, 2020) (see Equation S80), this increase is attenuated in females. Addi-

tionally, as females have a sodium load shift to segments downstream of the proximal segment, their mac-

ula densa functions at a higher setpoint by sensing more sodium at baseline. As ACEi/ARB decrease the

amount of sodium flowing through macula densa, the decrease is greater in females. This causes a greater

reduction in tubuloglomerular feedback signal in the female, which decreases the afferent arteriolar

resistance.

Calcium channel blocker

Male and female virtual SHRs both experience a large reduction in MAP after administration of a CCB.

Again, despite females having a lower baseline MAP (less hypertensive), the reduction is larger in females

Figure 4. Model simulated response to calcium channel blocker (CCB)

(A) Steady-state mean arterial pressure (MAP) inhibition response to varying vasodilation levels of the arteries after

administering CCB. MAP is shown as relative percent change. Solid lines are the average value. Dotted lines are the 95%

confidence interval.

(B–F) Time varying mechanisms explaining the drop in MAP after CCB administered at an 85% vasodilation of the arteries

at day 0 in representative virtual individuals. All values are plotted as relative change from baseline. (B) Ratio of efferent

arteriolar (EAR) to renal vascular resistance (RVR). (C) Renal sympathetic nerve activity (RSNA). (D) Total fractional amount

of sodium (FRNA+) and water (FRW) reabsorbed in the kidney. (E) Cardiac output (CO). (F) Total peripheral resistance (TPR).

See also Figure S1.
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than in males (�16.1%G 1.6% [M] versus�19.6%G 3.5% [F]) for sufficiently high doses (greater than ~65%

vasodilation, Figure 5A). Model simulation results provide reasons similar to those with ACEi/ARB. Females

have a lesser increase in simulated GFR (+8.87%G 1.11% [M] versus +3.15%G 0.21% [F], explained below),

as well as a greater decrease in body fluids due to a greater decrease in the total fractional amount of so-

dium and water reabsorbed by the kidney (Figure 4D). The latter is attributed to the sodium load shift from

proximal segments to distal and collecting segments in the nephron in females, when compared with

males.

After administration of a CCB, GFR increases due to an increase in the efferent arteriolar to renal vascular

resistance ratio. This increase is greater in females (Figure 4B), due to the vasoconstrictive effect of RSNA

on the afferent arteriole (see Figure S1 for the physiological systems connections), which is greater

stimulated in males (see Equation S80). This can be seen in Figure 4C, where males have a slightly greater

stimulated RSNA than females, despite have a lesser decrease in MAP. However, the greater decrease in

MAP in females mitigates this effect on GFR, resulting in males having a greater increase in GFR.

Figure 5. Model simulated response to thiazide diuretic (TZD)

(A) Steady-state mean arterial pressure (MAP) inhibition response to varying inhibition levels of fractional sodium

reabsorption in the distal segment after administering TZD. MAP is shown as relative percent change. Solid lines are the

average value. Dotted lines are the 95% confidence interval.

(B–E) Time varying mechanisms explaining the drop in MAP after TZD administered at a 50% inhibition of distal segment

fractional sodium reabsorption and a 100% activation of renin secretion at day 0 in representative virtual individuals. All

values are plotted as relative change from baseline. (B) Total fractional amount of sodium (FRNA+) and water (FRW)

reabsorbed in the kidney. (C) Urine (UFW) and urine sodium (UFNa+) flow rate. (D) Cardiac output (CO). (E) Total peripheral

resistance (TPR).

See also Figure S1.
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Thiazide diuretic

Female virtual SHRs experience a much larger reduction in MAP in response to TZD than virtual male SHRs

(�7.72%G 0.86% [M] versus�17.7%G 3.5% [F]). This is due to the load shift in sodium and water reabsorp-

tion in the nephron of females away from the proximal segment toward the distal and collecting segments.

As TZDs inhibit sodium-chloride cotransporter activity along the distal convoluted tubule, the resulting ef-

fect is much greater in females thanmales. This is consistent with experimental results in which female SHRs

excrete much more sodium and fluid than males in response to the same relative dose of bendroflumethia-

zide (Chen et al., 1994). Females also have a much larger reduction in simulated GFR than males (�7.15%G

1.55% [M] versus �23.0% G 1.1% [F]), which can be attributed to the drop in MAP.

Overall response to different classes of antihypertensive drugs

For all drugs, at a sufficiently high inhibition level, females have on average a greater relative decrease in

simulated MAP than males, despite having a lower pre-drug MAP (Figures 3A, 3B, 4A, and 5A). In order of

increasing benefit when compared with virtual males, virtual females respond better to ACEi, ARB, CCB,

and TZD. This is due to the greater cardioprotective physiology of females (load shift in fluid and sodium

transport from the proximal to the distal and collecting segments in the nephron; less excitatory RSNA

[Ahmed and Layton, 2020]). Likewise, for all drugs, females require a lower simulated target inhibition level

to reach an average MAP of 120 mmHg. This is due to both females having a lower pre-drug MAP and the

cardioprotective physiology of females. To reach an averageMAP of 120mmHg,males and females require

an inhibition level of 93% and 86% of ACEi, 84% and 77% of ARB, and 88% and 77% of CCB, respectively. For

TZD, females require an inhibition level of 40%, whereas males are not able reach this MAP level. For the

given theoretical range of inhibition level, TZD, ACEi, ARB, and CCB is on average the increasing order of

potential MAP reduction in males, whereas ACEi, TZD, ARB, and CCB is the one in females. ARB has a

greater range of effectiveness than ACEi because it blocks the binding of Ang II to its type 1 receptor

directly, whereas with ACEi, Ang I can still be converted into Ang II through chymase (see Equation S66).

This benefit of ARB over ACEi is even greater in females due to the vasodilatory effect of AT2R-bound Ang

II, as explained above.

Underlying pathophysiology is a highly accurate predictor of optimal choice of drug class

To compare the different classes of antihypertensive drugs, we choose a simulated inhibition level that re-

sults in an average decrease in MAP by 20% across the virtual population as a normalization. We then

construct a decision tree that predicts which drug causes the greatest decrease in simulated MAP based

on one’s pathophysiological variables (see transparent methods for full details). Responses to ACEi and

ARB are similar. In both sexes, results for ARB can be applied to ACEi. At maximum inhibition, TZD is unable

to produce a 20% reduction inMAP inmales. Thus, themale virtual population is classified for ARB and CCB

only, whereas the female virtual population is classified for ARB, CCB, and TZD only. The resulting decision

trees for males and females are plotted in Figure 6. Of the eight pathophysiological variables, three are

predicted to be sufficient for determining optimal treatment. For males, these variables are the myogenic

effect, antidiuretic hormone concentration, and afferent arteriolar resistance (Figure 6A), whereas for fe-

males, these variables are the aldosterone concentration, plasma renin concentration, andmyogenic effect

(Figure 6B). The receiver operating characteristic (ROC) curves for ARB, CCB, and TZD inmales and females

are plotted in Figure 7. The area under the curve for males and females and for all drugs ranges from 88%–

96%, indicating high accuracy of the classification model.

DISCUSSION

Mechanistic model of spontaneously hypertensive rats

We have developed the first sex-specific QSP model of primary hypertension in rats. The model is based

upon previously published models of blood pressure regulation (Ahmed and Layton, 2020; Guyton

et al., 1972; Hallow et al., 2014; Karaaslan et al., 2005; Leete and Layton, 2019), and the novelty herein

lies in the formulation of the primary hypertensive model. Previous quantitative models have been devel-

oped for either a specific etiology of hypertension, such as renovascular, salt sensitive, impaired kidney

function, etc. (Beard and Mescam, 2012; Clemmer et al, 2016, 2018; Hallow and Gebremichael, 2017b;

Hallow et al., 2014; Leete and Layton, 2019), or by perturbing all parameters and classifying the resulting

virtual population (Moss et al., 2012). Chen et al. developed sex-specific quantitative models of SHR kid-

neys (Chen et al., 2017). As primary hypertension accounts for 90%–95% of all human hypertension cases,

it is important to have a quantitative model for this situation to be able to understand mechanisms and
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guide treatment. Human models may provide direct clinical applications, whereas rat models are useful for

aiding in the interpretation of rodent experiments. Thus, as a proof of concept, we developed this model

for the SHR, which is the most commonly used animal model for human primary hypertension. Moreover,

the more invasive nature of rodent experiments has allowed us to rigorously calibrate the model by distin-

guishing which variables and parameters to change and which to keep constant in relation to the patho-

physiology of hypertension. We then used the resulting mechanistic model integrated with a machine

learning model to study the differential effects of an individual’s sex and pathophysiology on the response

to treatment by administering different classes of antihypertensive drugs to the male and female virtual

populations.

Impact of sex on response to treatment

Previously, we have utilized a quantitative model for blood pressure regulation to show how sexually dimor-

phic experimental results can be explained by sex-specific physiological mechanisms (Ahmed and Layton,

2020). The sex differences in blood pressure regulation in our previous work were calibrated from experi-

mental data and based upon the current understanding among the physiologist community. They include

(1) vasodilation of the renal afferent and efferent arterioles by AT2R-bound ANG II in the RAS (which is

assumed to occur only in females), (2) sex differences in the RAS, (3) a less excitable and more easily

repressed RSNA in females than in males, and (4) a load shift in females in renal sodium and fluid handling

from the proximal to downstream segments of the nephron (Ahmed and Layton, 2020). This sex-specific

normotensive model is the base from which we now develop the hypertensive model. There are some sim-

ilarities in the distributions of the pathophysiological parameters in males and females (Figure 2). Interest-

ingly, although we use the samemethodology calibrated with experimental data in males and females (see

transparent methods and Figure S2), we also observe some differences in the resulting distributions (Fig-

ure 2). Thus, differences between males and females in their hypertensive pathophysiological state is a

consequence of the underlying sexually dimorphic mechanisms. As a result of accounting for sex differ-

ences in both blood pressure regulation mechanisms and hypertension pathophysiologies, we then

observe sex differences in the severity of hypertension (Table 1) and in response to antihypertensive drugs

(Figures 3A, 3B, 4A, and 5A).

Females have on average a greater relative decrease in MAP than males at sufficiently high inhibition levels

for all drug classes (Figures 3A, 3B, 4A, and 5A). And this is despite having a lower pre-drug MAP. A greater

response to drugs in females than in males is consistent with experimental results of administration of ACEi

(Dalpiaz et al., 2013; Gong et al., 1994), ARB (Rodrigues et al., 2006; Zimmerman et al., 2014), and TZD (Chen

et al., 1994) in SHRs. (We could not find experimental data for administering CCB to female SHRs.) Model

simulations indicate that this is due to their cardioprotective physiology, particularly, the most advanta-

geous mechanisms in females being their less excitable RSNA and a load shift of sodium reabsorption

from the proximal to distal and collecting segments in the nephron. We have a quantitative model that

(1) incorporates sex-specific mechanisms in blood pressure regulation, which leads to (2) a sex-specific

pathophysiology of hypertension, and as a result, (3) a sexually dimorphic response to antihypertensive

drugs. Therefore, model results suggest that sex is a significant determinant of response to drugs and

tailoring antihypertensive therapy to one’s sex is more effective in lowering MAP in SHRs.

Figure 6. Decision trees for predicting optimal drug classes

(A) Decision tree in males. (B) Decision tree in females. MYO, myogenic effect (unitless); ADH, antidiuretic hormone

concentration (munits/mL); AAR, afferent arteriolar resistance (mmHg/(mL/min)); ALD, aldosterone concentration (ng/L);

PRC, plasma renin concentration (fmol/mL); angiotensin receptor blocker (ARB); CCB, calcium channel blocker; TZD,

thiazide diuretic. See also Figure S1.
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Impact of pathophysiological profile on response to treatment

Different underlying physiological mechanisms can have the same apparent physiological manifestation.

Yet for different parameterizations of a model with similar variable values, there will be variation in re-

sponses to when the system is perturbed. This is particularly true for primary hypertension, which results

from an aberrance in several regulators of blood pressure. Adopting the methodology from Barish et al.

(2017), we create male and female virtual populations. All virtual individuals have key variable outputs

within the physiological range, yet they have a wide spread in the baseline values of their pathophysiolog-

ical parameters (Figure 2). Hence the virtual population has captured, in part, the genetic diversity in hyper-

tension among SHRs.

Differences in underlying hypertension pathophysiologies can, in part, explain the variation in responses to

different classes of antihypertensive drugs. Model simulations demonstrate that (1) incorporating variation

in the pathophysiology of hypertension leads to a variation in MAP response to antihypertensive therapies,

which in turn (2) causes a differential response to different classes of drugs for each individual, from which

we can (3) classify which drug works best for different individuals based upon their pathophysiological pro-

file. Points (1) and (2) have been explored by previous modeling studies in the context of secondary hyper-

tension (Clemmer et al., 2018; Hallow and Gebremichael, 2017b; Hallow et al., 2014). Of the eight variables

associated with the pathophysiology of hypertension, three are sufficient (myogenic response, antidiuretic

hormone concentration, and afferent arteriolar resistance in males; aldosterone concentration, plasma

renin concentration, and myogenic response in females) for predicting the optimal drug class with high

Figure 7. Receiver operating characteristic (ROC) curves

(A) ROC curves for males and females for choosing angiotensin receptor blocker (ARB). (B) ROC curves for males and

females for choosing calcium channel blocker (CCB). (C) ROC curve for females for choosing thiazide diuretic (TZD). The

current classifier is the calculated true- and false-positive rates for the decision tree in Figure 6. Area under the curve

(AUC).
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accuracy (Figures 6 and 7). Therefore, model results suggest that one’s pathophysiological profile provides

a stronger indicator of which drug class can more effectively lower MAP in SHRs than choosing one at

random. Additionally, predictor variables for optimal drug classes are different for males and females,

providing another case for the impact of sex on MAP response to drugs.

Clinical implications: personalized medicine

Interpatient variability may be a contributing factor as to why success of treatment of hypertension is so low

because the average recommendations may not be suitable for individual patients. Precision medicine

aims to mitigate this problem by providing ‘‘the right patient with the right treatment at the right dose’’

(Currie and Delles, 2018). Quantitative techniques serve as useful tools in this effort as patient variability

can be incorporated into model components. Initially, sufficient data from diverse patients is needed to

calibrate quantitative models, but the added efficiency is in the predictive power in that these models

can then be used to explore heterogeneity in response to various treatment protocols (Gibson et al.,

2018). Using aQSPmodel of blood pressure regulation and hypertension, we show that sex and pathophys-

iological profile have significant impacts on the blood pressure-lowering capacity of different classes of

antihypertensive drugs in SHRs.

Sex differences are observed in the mechanisms involved in blood pressure regulation and in the patho-

physiologies causing hypertension in both humans and animals, including the SHR. As a result, the severity

of hypertension and response to antihypertensive drugs differs among males and females (Kalibala et al.,

2020; Reckelhoff, 2018). We have shown a sexually dimorphic response to different classes of antihyperten-

sive drugs based upon sex-specific mechanisms in the SHR. This difference occurs when implicitly account-

ing for drug administration through inhibition of the target. The difference may be exacerbated, though,

when explicitly accounting for administration of the drug because certain antihypertensive drugs have

been shown to have different pharmacokinetics and pharmacodynamics (PKPD) in men and women (Kali-

bala et al., 2020). Accounting for drug administration explicitly through a PKPD model can then provide

better guidelines for sex-specific dosing.

Overall, clinical data on sex differences in response to antihypertensive drugs is scarce because either

women are underrepresented in these studies or sex-specific analyses were not performed (Kalibala

et al., 2020). However, some observations can be noted. Men are more often prescribed ACEi and ARB,

whereas women are more often prescribed CCB and TZD (Kalibala et al., 2020). This implicit preference

could be due to certain classes of drugs having either less adverse effects or greater reduction in blood

pressure in either sex. Women respond better than men to ACEi, ARB/TZD dual therapy, and CCB (Grazia-

maria et al., 2017; Kalibala et al., 2020), which is also reflected in our model results in SHRs. Women also

have better cardiovascular outcomes than men when taking ARB (Graziamaria et al., 2017). Sexual dimor-

phism in response to antihypertensive drugs exists not only in terms of reduction of blood pressure but also

in terms of adverse effects, which can be seen in women having more frequent adverse reactions to taking

ACEi and TZD (Seeland and Regitz-Zagrosek, 2013). Adverse drug reactions are the main reason for

interruption of therapy. This indicates an even greater need for considering sex when prescribing antihy-

pertensive drugs. For better insights for sex differences in humans, one would need a human sex-specific

quantitative model (Leete and Layton, 2019), although data for calibrating the model are difficult to obtain

as opposed to with animal models.

Our model is a simplified model of blood pressure regulation that accounts for just the essential mecha-

nisms. The goal of simulating drugs across the virtual population is thus to gain insight on whether there

are correlations between pathophysiological profiles and response to treatment. Model simulations sug-

gest that pathophysiological profiles in SHRs provide strong predictors for success of therapy, making

this a potential area for precision medicine in the treatment of hypertension. The goal of this study is

not to have a mapping between virtual and real individuals. For better insights in humans, one would

need a quantitative model for human primary hypertension, although there are limitations in being able

to apply as rigorous a formulation for human primary hypertension as we have for the SHR due to obvious

restrictions in data. Future work is hence needed to better characterize primary hypertension in humans.

Moreover, for a stronger mechanistic mapping between virtual and real individuals, a holistic model of hu-

man physiology would be needed. Continuing efforts are being made to create virtual populations in more

comprehensive mechanistic quantitative models of human physiology, where the ultimate goal is to be

able to have a stronger correspondence between virtual and real individuals (Clemmer et al., 2018; Hester
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et al., 2011; Moss et al., 2012). Such models may eventually be able to map a set of model parameters to a

patient’s sex, age, ethnicity, or pathophysiological profile and thus identify clinically relevant biomarkers

for response to antihypertensive therapy.

Limitations of the study

In this study, we account for genetic diversity through differences in the pathophysiological mechanisms

in hypertension. In other words, we account for heterogeneity in disease, but not population (or exper-

imental cohort). To account for greater genetic diversity, differences in physiology should also be

considered. One can try a hybrid approach by combining the methodologies in Clemmer et al. (2018)

and Moss et al. (2012) with the one presented here. More specifically, first perturb all parameters as in

Clemmer et al. (2018) and Moss et al. (2012), but impose stricter selection criteria for keeping a set of

parameters, as done in this study. This will result in a normotensive virtual population. Then induce hy-

pertension in this normotensive virtual population as done in this study. As we have only accounted for

heterogeneity in disease, we were able to find correlations between pathophysiological profiles and

response to different classes of antihypertensive drugs. The advantage of accounting for heterogeneity

in population as well would be the ability to identify other physiological indicators of response to ther-

apy. Moreover, several of the pathophysiological quantities that we have identified as accurate predic-

tors of response to different classes of drugs are not readily measurable (Figure 6). Thus we present

our analysis herein as a proof of concept of the impact of pathophysiological profile on the response

to therapy. And adaptation for clinical relevance will require study of clinically relevant biomarkers

(Asano, 2018).

We simulate the administration of drugs implicitly with target inhibition. Future work is to explicitly simu-

late the administration of drugs by coupling our QSP model with a detailed PKPD model for each of the

drug classes considered (Clegg and Mac Gabhann, 2015; Gebremichael et al., 2019). The utility of this

would be to predict change in blood pressure in response to the actual drug doses. Also, as aforemen-

tioned, sex differences exist in the PKPD of certain antihypertensive drugs (Kalibala et al., 2020). So, such

a detailed model would also allow for a more accurate evaluation of sexual dimorphism in response to

drugs. Future work also includes considering dual and triple therapies. Multiple therapies are commonly

prescribed to hypertensive patients after the inability of monotherapy to get blood pressure under con-

trol (James et al., 2014). As disruption in several mechanisms contribute to the development of primary

hypertension, multiple drug classes are needed for corrective action across the different regulators of

blood pressure.
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Figure S1: Schematic model of blood pressure regulation. Related to Figures 1-7. Pink nodes denote
variables that describe cardiovascular function; green nodes, renal hemodynamics; orange nodes, renal Na+ and fluid
handling; blue nodes, renin angiotensin system. Red outlines denote sex-specific components. ADH, antidiuretic
hormone; MAP, mean arterial pressure; ANP, atrial natriuretic peptide; RSNA, renal sympathetic nerve activity;
PRC, plasma renin concentration; PRA, plasma renin activity; AGT, angiotensinogen; Ang I, angiotensin I; Ang
II, angiotensin II; AT1R-bound Ang II, angiotensin II type 1 receptor bound angiotensin II; AT2R-bound Ang II,
angiotensin II type 2 receptor bound angiotensin II; ALD, aldosterone. Reproduced with permission from Ref.
(Ahmed and Layton 2020).



Figure S2: Flowchart of creating the spontaneously hypertensive rat (SHR) virtual population. Re-
lated to Figures 1 and 2. The constraints are that the model outputs for key physiological variables at baseline
and after sodium loading are within experimental range. The data is the time course mean arterial pressure response
to angiotensin II infusion. N is the size of the virtual population.



Transparent Methods

Methods

Sex-specific quantitative systems pharmacology model of blood pressure regulation in
the rat

The model presented here is based upon our previously published sex-specific computational model for blood pressure
regulation in the rat (Ahmed and Layton 2020). The model is a large system of coupled nonlinear algebraic differential
equations. It describes the interactions among the cardiovascular, renal, renal sympathetic nervous, and renin
angiotensin systems, and how these systems regulate blood pressure and kidney function in response to various
perturbations. A schematic diagram of the model is given in Figure S1. All model equations are given in the next
section. And all parameter and variable values are given in Table S1.

Creating the virtual spontaneously hypertensive rat

The spontaneously hypertensive rat (SHR) is the most popular animal model of human primary hypertension. This
strain was developed by breeding several generations of hypertensive Wistar-Kyoto rats (WKY) among an other-
wise normotensive population. The offspring of the resulting strain then unanimously developed hypertension upon
reaching a certain age (Badyal, Dadhich, and Lata 2003; Okamoto and Aoki 1963). Hence, this animal model is
not hypertensive due to a specific pathology or environmental factor (e.g., increased sodium sensitivity, increased
vascular resistance, impaired kidney function, etc.). Rather, it is genetically hypertensive. Several studies have
physiologically characterized the SHR and probed the underlying pathologies responsible for the development of
hypertension (W. J. Arendshorst and W. H. Beierwaltes 1979; W H Beierwaltes, W J Arendshorst, and Klemmer
1982; Bianchi et al. 1974; Freeman et al. 1975; Judy and Farrell 1979; Liard 1977; Peeters 2014). As it turns out, it is
the combination of a multitude of pathophysiologies that collectively contribute to the development of hypertension
in the SHR. Moreover, much data exists in comparing physiological measurements between the SHR and WKY. We
parse the literature to collect this data and translate it into the model. The pathophysiologies inform perturbations
of model parameters, and the physiological measurements inform constraints on model variables. Most of this data
is from male rats. We therefore assume that similar differences exist between female SHR and WKY as they do
between male SHR and WKY.

As compared to their normotensive controls WKYs, SHRs are characterized by an elevated mean arterial pressure
(MAP) and similar cardiac output (Badyal, Dadhich, and Lata 2003). SHRs have similar body weight to WKYs,
and thus similar blood volume (W H Beierwaltes, W J Arendshorst, and Klemmer 1982; Lee and Blaufox 1985).
Assuming Poiseuille flow, MAP (denoted Pma) is expressed in terms of the cardiac output (Φco) and total peripheral
vascular resistance (Rtp),

Pma = Φco ×Rtp.

Therefore, SHRs have an elevated total peripheral vascular resistance in proportion to the elevated MAP. SHRs
and WKYs have similar renal blood flow (RBF) (W. J. Arendshorst and W. H. Beierwaltes 1979). By the same
reasoning, renal vascular resistance (Rr) in SHRs is elevated in proportion to the elevation in MAP. Renal vascular
resistance is expressed in terms of the afferent (RAA) and efferent (REA) arteriolar resistances,

Rr = RAA +REA.

As compared to WKYs, SHRs have an elevated afferent arteriolar resistance, but similar efferent arteriolar resistance
(W. J. Arendshorst and W. H. Beierwaltes 1979). The afferent arteriolar resistance is the product of its baseline
value (Rbl

AA), myogenic response (Σmyo), and several autoregulatory mechanisms.

RAA = Rbl
AA × Σmyo × (other terms),

The myogenic response is given in terms of the glomerular hydrostatic pressure (Pgh) by

Σmyo = amyo +
bmyo

1 + cmyoe
−dmyo(Pgh−P bl

gh)
,



where amyo is the minimal response, bmyo + amyo is the maximal response, cmyo is the horizontal shift, dmyo is the
slope of the response, and P bl

gh is the baseline glomerular hydrostatic pressure. In isolated perfusion studies, the
afferent arteriole in SHRs has been shown to constrict more than that of the WKYs in response to the same elevation
in perfusion pressure (Ito, Juncos, and Carretero 1992). Therefore, SHRs have an overactive myogenic response.

To demonstrate that the kidney plays a key role in the regulation of blood pressure, transplantation studies have been
conducted where the kidneys of SHRs and WKYs have been swapped. The donation of a normotensive kidney into a
hypertensive recipient results in an attenuation, but not elimination, of hypertension in the recipient. Furthermore,
the reverse transplantation results in hypertension in the recipient, but at an attenuated level from that of the donor
(Bianchi et al. 1974). Thus, aberrant regulation of blood pressure by the kidney plays a key role in the development
of hypertension in the SHR, but it is not the sole contributor. SHRs and WKYs have similar glomerular filtration
rate (GFR) and urine output and sodium excretion (W. J. Arendshorst and W. H. Beierwaltes 1979). As a model
assumption, we then assume that the renal transport parameters are the same. GFR (Φgfilt) is expressed in terms
of the perfusion pressure (Pf ) and glomerular capillary coefficient (Cgcf ),

Φgfilt = Pf × Cgcf .

Perfusion pressure is similar in SHRs and WKYs (W. J. Arendshorst and W. H. Beierwaltes 1979). As a result, the
glomerular capillary coefficient, which in part captures the material property of the glomerulus, is similar. Thus, it is
reasonable to assume that SHRs have the same number of functioning nephrons as WKYs with no glomerular damage.

The sympathetic nervous system is another key regulator of blood pressure. In particular, renal sympathetic nerve
activity (RSNA) acts in a multifaceted way: it modifies the resistance of the renal vasculature, renin secretion,
and sodium reabsorption in the nephron. Compared to WKYs, SHRs have elevated RSNA, and renal denervation
delays the onset of hypertension (Judy and Farrell 1979; Liard 1977). Aldosterone plays an important role in blood
pressure regulation by regulating sodium reabsorption in the distal and collecting segments of the nephron. SHRs
have elevated aldosterone secretion in comparison to WKYs (Freeman et al. 1975). Another major regulator of blood
pressure is the renin angiotensin system (RAS), which acts by modifying the resistance of the renal vasculature, al-
dosterone secretion, and sodium reabsorption in the nephron. SHRs have greater plasma renin activity than WKYs
(Peeters 2014). Antidiuretic hormone affects blood pressure regulation by adjust extracellular fluid levels through
thirst and water reabsorption in the nephron; the level of antidiuretic hormone is higher in SHRs than in WKYs
(Crofton et al. 1978). WKYs and SHRs have similar plasma sodium and potassium concentrations (Freeman et al.
1975).

Synthesizing these experimental findings in SHRs, we perturb select model parameters to create the SHR virtual
population: those related to vascular resistance, strength of myogenic response, and baseline RSNA, aldosterone se-
cretion rate, renin secretion rate, and antidiuretic hormone secretion rate. The decision to perturb these parameters
while keep all others fixed is based upon experimental data characterizing the etiology of hypertension in the SHR,
as mentioned above.

Ranges for parameters related to vascular resistance are determined from constraints on other physiological variables.
For example, RBF (Φrb) is related to MAP (Pma) and renal vascular resistance (Rr) by

Φrb =
Pma

Rr
,

from which we express renal vascular resistance as

Rr =
Pma

Φrb
.

MAP in WKYs is about 100 mmHg and can go up to about 150 mmHg in SHRs in the age group we are modeling
(Table S1). Meanwhile, RBF levels are similar. Let Rr and R′r denote the renal vascular resistance in WKY and
SHR, respectively, with the same terminology applied to all other variables. From having physiological constraints
on MAP and RBF, we then determine an upper bound on the range of renal vascular resistance as

R′r =
P ′ma

Φ′rb

≤ 150/100× Pma

Φrb



= 1.5×Rr.

As compared to WKY, afferent arteriolar resistance in elevated in SHR, while efferent arteriolar resistance is similar.
Let αr denote the factor by which afferent arteriolar resistance is elevated. Then from the preceding, we have

R′r ≤ 1.5×Rr

R′AA +R′EA ≤ 1.5× (RAA +REA)

αr ×RAA +REA ≤ 1.5×RAA + 1.5×REA.

Rearranging to solve for αr and plugging in the values (Table S1) yields

αr ≤ 0.5× REA

RAA
+ 1.5

= 2.32.

To allow a safe range for this value, we set the upper bound for the sampling range of RAA to be up to three-fold
(αr ≤ 3). We derive ranges for the other perturbed parameters related to vascular resistance through a similar
analysis.

We determine the range for the strength of the myogenic response from experimental results in isolated microperfused
afferent arterioles (Ito, Juncos, and Carretero 1992). Since the study was conducted in an isolated arteriole, we
attribute the autoregulatory response to changes in perfusion pressure only to the myogenic response, and not to
any other downstream mechanisms that would activate in intact circulation (such as RSNA or tubuloglomerular
feedback). In this study, a greater contractile response to elevated perfusion pressure was observed in SHRs than in
WKYs. At the largest perfusion pressure induced, the authors reported that the luminal diameter of the isolated
afferent arteriole extracted from WKYs is about 20 µm, whereas that from SHRs is about 12 µm (Ito, Juncos, and
Carretero 1992). As the the resistance of a blood vessel is inversely proportional to its radius to the fourth power,
we have

RAA ∼
1

r4

=
1

204

=
1

160000
.

R′AA ∼
1

r′4

=
1

124

=
1

20736
.

Let αmyo denote the factor by which the myogenic response is elevated in SHR as compared to WKY. Then we have

αmyo ≤
Σ′myo

Σmyo

=
R′AA

RAA

= 7.72.

To allow a safe range for this value, we set the upper bound for the sampling range of the strength of the myogenic
response to be up to ten-fold (αmyo ≤ 10).

Baseline RSNA, aldosterone secretion rate, renin secretion rate, and antidiuretic hormone secretion rate are assumed
in the model to range from their nominal values up to twice the nominal value. All other parameters are kept at
baseline values. To estimate the value of the perturbed parameters, we fit them to two sets of experimental data:
(i) MAP dynamic response to infusion of angiotensin (Ang) II (Sullivan et al. 2010), and (ii) MAP steady state
response to increased/decreased sodium intake (Brinson, Rafikova, and Sullivan 2014; Wyss, Roysommuti, et al.
1994; Wyss, Chen, et al. 1987). Additionally, we impose the constraints that the aforementioned key variables are
within physiological ranges.

Creating the virtual population

We employ the methodology developed by Barish et al. in creating the virtual population (Barish et al. 2017).
Briefly, this technique starts with a mathematical model that is validated by fitting its parameters to aggregate data



from a time course experiment for multiple individuals in a sample population. To simulate genetic variation, the
sample population is then amplified to create the virtual population by taking bootstrap replicates of the data. The
parameters of an instance of the model are then fit to each bootstrap replicate of the dataset. Here, the model
parameters that we fit are the aforementioned ones which are linked to the pathophysiology in the SHR. And the
dataset from which we create bootstrap replicates is the MAP dynamic response to Ang II infusion (Sullivan et
al. 2010). Moreover, in creating the virtual population, we also incorporate the following experimental data when
fitting the parameters. For MAP steady state response to sodium intake, there are several different reported values
(Brinson, Rafikova, and Sullivan 2014; Wyss, Roysommuti, et al. 1994; Wyss, Chen, et al. 1987). So we allow for the
MAP value to fall within the range of these values instead of fitting to one particular value. And we also provide
a range for the constraints on the key physiological variables based upon experimental data. A flowchart outlining
this procedure is given in Figure S1.

Evaluating response to antihypertensive therapies

Ang I is converted into Ang II by the angiotensin converting enzyme at a rate cACE (Eq. S66). To simulate the
administration of the antihypertensive drug angiotensin converting enzyme inhibitor (ACEi), we multiply this reac-
tion rate by (1 − γACEi), where γACEi is the amount of inhibition (Eq. S93). Ang II binds to its type 1 receptor
(AT1R) at a rate cAT1R (Eq. S69). To simulate the administration of the antihypertensive drug angiotensin receptor
blocker (ARB), we multiply this binding rate by (1 − γARB), where γARB is the amount of inhibition (Eq. S94).
Administration of either drug ultimately decreases the amount of Ang II bound to AT1R, which is the one of the
bioactive components of the RAS. This leads to a positive feedback to increase renin secretion rate (Eqs. (S61)
and S73). Thus in order to calibrate the amount of inhibition, we fit the simulated plasma renin activity after drug
administration to experimental data in SHRs for ACEis (Antonaccio et al. 1979; Bunkenburg et al. 1991; Unger et al.
1986) and ARBs (Bunkenburg et al. 1991; Kohara et al. 1993; Mizuno, Niimura, et al. 1992; Mizuno, Tani, et al. 1992).

Administration of a calcium channel blocker (CCB) is modeled by its postulated effect: reduction in systemic arte-
rial resistance and renal vascular resistance (Elliott and Ram 2011; Hayashi et al. 2007). In the renal vasculature,
the dihydropyridine class of CCBs dilate the afferent arteriole much more than the efferent arteriole (Honda et al.
2001). CCBs dilate smaller arteries relatively more than larger arteries (Messing et al. 1991). To model the effects
of CCBs, we reduce the resistance of the afferent arteriole by a factor of γCCB , and reduce the resistance of the
systemic arteries and efferent arterioles by a factor of (2/3)γCCB . In order to calibrate the amount of reduction in
resistance, we fit the experimental vascular resistances of different diameter arteries reported after administration
of a dihydropyridine class CCB in SHRs (Messing et al. 1991). This corresponds to the arterial and renal vascular
resistances in the model (Eqs. (S95), (S96), and (S97)).

Thiazide diuretics (TZDs) decrease reabsorption and increase excretion of sodium and water by inhibiting the sodium
chloride cotransporter along the distal convoluted tubule of the nephron. TZDs are also hypothesized to directly
increase renin secretion (Duarte and Cooper-DeHoff 2010). We model the administration of TZDs by reducing the
fractional amount of sodium reabsorbed in the distal segment of the nephron by a factor of γTZD1

(Eq. (S98)),
while also increasing renin secretion by a factor of γTZD2 (Eq. (S99)). In order to calibrate the amount of reduction
in sodium reabsorption in the distal segment, we fit the experimental plasma sodium concentration reported after
administration of hydrochlorothiazide to SHRs (Yonetani et al. 1987). And we calibrate the amount of increase in
renin secretion by fitting to reports of plasma renin activity in experiments after administering hydrochlorothiazide
to SHRs (Lai et al. 1982; Mougenot, Mediani, and Lechat 2005). This calibration is for the particular dose used in
the experimental references. To model the dose response for the entire range of inhibition effect of TZD, the effect
on renin secretion, γTZD2 is assumed to be an increasing function of the effect on the fractional amount of sodium
reabsorbed in the distal segment of the nephron, γTZD1 . The relationship is modeled as

γTZD2 =
aTZD × γTZD1

bTZD + γTZD1

.

To simulate the long term effects of administering antihypertensive drugs, we input the particular target inhibition
level in Eqs. (S93)-(S100) as aforementioned and calculate the steady state solution to the model. In Figures 3a, 3b,
4a, and 5a, we simulate the inhibition response curve for all target inhibition levels from 0%-99% for ACEi, ARB,
CCB, and TZD, respectively.



Decision trees for identifying optimal drug class

We train a decision tree classification model to determine which drug class is optimal in reducing MAP. For each
drug class, we choose an inhibition level for which there is an average of 20% reduction in MAP across the virtual
population. With this fixed inhibition level for each drug class, we classify each virtual individual based upon which
drug class reduces MAP the most. The features of the virtual individuals are variables that are associated with the
aforementioned pathophysiology of hypertension: arterial resistance, venous resistance, afferent arteriolar resistance,
renin secretion rate, aldosterone secretion rate, renal sympathetic nerve activity, antidiuretic hormone secretion rate,
and strength of the myogenic response. We then train a decision tree on this data set using the pathophysiological
variables as predictors for which drug class is optimal. We use five-fold cross-validation to validate the model.

Software implementation

We run all simulations in MATLAB. We use MATLAB’s algebraic differential equation solver ode15s and nonlinear
equation solver fsolve to solve the model system of equations for time dependent and steady state simulations,
respectively. We use the pattern search global optimizer patternsearch in MATLAB to fit the parameters when
creating the virtual population. And we use MATLAB’s Classification Learner App to train and validate the decision
tree classification model. The code generated during this study are available on GitHub (https://github.com/sameed-
ahmed/QSP-Mod-SHR.git).

Complete Model Equations and Parameters

All model equations are from Ref. (Ahmed and Layton 2020). See references therein for references for all parameter
values, variable values, and equations. See Refs. (Karaaslan et al. 2005; Hallow et al. 2014; Leete and Layton 2019;
Ahmed and Layton 2020) for the derivations of all of the equations.

Cardiovascular function

Pmf = (
1

SFV
× 7.436× Vb − 30.18)× εaum (S1 )

Pra = max
{

0.2787eSFR×0.2281Φco − 0.9119, 0
}

(S2 )

Pma = Φco ×Rtp (S3 )

Φvr =
Pmf − Pra

Rvr
(S4 )

Φco = Φvr (S5 )

dvas

dt
= vasf − vasd (S6 )

vasf =
11.312× e−Φco×(SFR×0.4714)

100
(S7 )

vasd = vas×Kvd (S8 )

Ra = Rba × εaum (S9 )

Rba = Kbar/vas (S10 )

Rvr = (8Rbv +Ra)/31 (S11 )

Rtp = Ra +Rbv (S12 )

εaum =
4

5
(achemo + abaro) (S13 )

achemo =
1

4
aauto (S14 )

dabaro
dt

=
3

4

{
daauto
dt

− 0.0000667(abaro − 1)

}
(S15 )

aauto = 3.0042e−0.0107Pma (S16 )



Renal hemodynamics

Φrb =
Pma

Rr
(S17 )

Φgfilt = Pf × Cgcf (S18 )

Pf = Pgh − (PB + Pgo) (S19 )

Pgh = Pma − Φrb ×RAA (S20 )

Rr = RAA +REA (S21 )

RAA = RAA0
× βrsna × Σtgf × Σmyo ×ΨAT1R−AA ×ΨAT2R−AA (S22 )

REA = REA0
×ΨAT1R−EA ×ΨAT2R−EA (S23 )

βrsna =
2

1 + e−3.16(rsna−1)
(S24 )

Σtgf = 0.3408 +
3.449

3.88 + e(Φmd−sod−Φmd−sod0
)/(SFS×−0.9617)

(S25 )

Σmyo = 0.75 +
bmyo

1 + 3.8e−0.6(Pgh−63.8)
(S26 )

ΨAT1R−AA = 0.8 + 0.2092× [AT1R]

[AT1R]eq
− 0.0092÷ [AT1R]

[AT1R]eq
(S27 )

ΨAT1R−EA = 0.925 + 0.0835
[AT1R]

[AT1R]eq
− 0.0085÷ [AT1R]

[AT1R]eq
(S28 )

ΨAT2R−AA =

{
0.75 + 0.25e

−0.15
(

[AT2R]
[AT2R]eq

−1
)

in females

1 in males
(S29 )

ΨAT2R−EA =

{
0.8 + 0.2e

−0.15
(

[AT2R]
[AT2R]eq

−1
)

in females

1 in males
(S30 )

Renal function

Φfilsod = Φgfilt × Csod (S31 )

Φpt−sodreab = Φfilsod × ηpt−sodreab (S32 )

Φmd−sod = Φfilsod − Φpt−sodreab (S33 )

Φdt−sodreab = Φmd−sod × ηdt−sodreab (S34 )

Φdt−sod = Φmd−sod − Φdt−sodreab (S35 )

Φcd−sodreab = Φdt−sod × ηcd−sodreab (S36 )

Φu−sod = Φdt−sod − Φcd−sodreab (S37 )

ηpt−sodreab = ηeqpt−sodreab × γfilsod × γAT1R × γrsna (S38 )

ηdt−sodreab = ηeqdt−sodreab × ψal (S39 )

ηcd−sodreab0 = ηeqcd−sodreab × λdt × λanp × λal (S40 )

γfilsod = 0.8 +
0.3

1 + e[(Φfilsod−Φfilsod0
)/(SFS×138)]

(S41 )

γAT1R = 0.92 +
0.136

1 + e
−1.7983(

[AT1R]
[AT1R]eq

−0.8017)
(S42 )

γrsna = 0.72 +
0.56

1 + e(1−rsna)/2.18
(S43 )



ψal =
11.55

1 + 0.1e−0.0081Cal
− 10.5 (S44 )

λdt = 0.8 +
0.2750

1 + e
1

SFS
×2.314(Φdt−sod−Φdt−sod0

)
(S45 )

λanp = −0.1× Ĉanp + 1.1 (S46 )

λal =
1

C0.06
al0

C0.06
al (S47 )

Φpt−wreab = Φgfilt × ηpt−wreab (S48 )

Φmd−u = Φgfilt − Φpt−wreab (S49 )

Φdt−wreab = Φmd−u × ηdt−wreab (S50 )

Φdt−u = Φmd−u − Φdt−wreab (S51 )

Φcd−wreab = Φdt−u × ηcd−wreab (S52 )

Φu = Φdt−u − Φcd−wreab (S53 )

ηpt−wreab = ηeqpt−wreab × µpt−sodreab (S54 )

ηdt−wreab = ηeqdt−wreab × µdt−sodreab (S55 )

ηcd−wreab = ηeqcd−wreab × µcd−sodreab × µadh (S56 )

µpt−sodreab = 0.12 tanh

(
10

(
ηpt−sodreab
ηeqpt−sodreab

− 1

))
+ 1 (S57 )

µdt−sodreab = 0.12 tanh

(
10

(
ηdt−sodreab
ηeqdt−sodreab

− 1

))
+ 1 (S58 )

µcd−sodreab = 0.12 tanh

(
10

(
ηcd−sodreab
ηeqcd−sodreab

− 1

))
+ 1 (S59 )

µadh = 1.0328− 0.1938e−0.4441Cadh (S60 )

Renin-angiotensin-aldosterone system

Rsec = Nrs × νmd−sod × νrsna × νAT1R (S61 )

d[PRC]

dt
= Rsec −

ln(2)

hrenin
[PRC] (S62 )

PRA = [PRC]×XPRC−PRA (S63 )

d[AGT ]

dt
= kAGT − PRA−

ln(2)

hAGT
[AGT ] (S64 )

d[AngI]

dt
= PRA− (cACE + cChym + cNEP )[AngI]− ln(2)

hAngI
[AngI] (S65 )

d[AngII]

dt
= (cACE + cChym)[AngI]− (cACE2 + cAII=AIV + cAT1R + cAT2R)[AngII]

− ln(2)

hAngII
[AngII] (S66 )

d[Ang(1-7)]

dt
= cNEP [AngI] + cACE2[AngII]− ln(2)

hAng(1-7)
[Ang(1-7)] (S67 )

d[AngIV ]

dt
= cAII=AIV [AngII]− ln(2)

hAngIV
[AngIV ] (S68 )

d[AT1R]

dt
= cAT1R[AngII]− ln(2)

hAT1R
[AT1R] (S69 )

d[AT2R]

dt
= cAT2R[AngII]− ln(2)

hAT2R
[AT2R] (S70 )



νmd−sod = 0.2262 +
28.04

11.56 + e(Φmd−sod−Φmd−sod0
)/(SFS×0.6056)

(S71 )

νrsna = 1.822− 2.056

1.358 + e(rsna−0.8662)
(S72 )

νAT1R =

(
[AT1R]

[AT1R]eq

)−0.95

(S73 )

Nals = Nals0 × ξk/sod × ξmap × ξAT1R (S74 )

dNal

dt
=

1

Tal
(Nals −Nal) (S75 )

Cal = 387Nal (S76 )

ξk/sod =
5

1 + e0.265(Ck/Csod−23.7)
(S77 )

ξmap =

{
70.1054e−(0.0425)×Pma if Pma ≤ 100

1 if Pma > 100
(S78 )

ξAT1R = 0.1 +
2.9

1 + e
−2

(
[AT1R]

[AT1R]eq
−1.399

) (S79 )

Miscellaneous

rsna0 = Nrsna × αmap × αrap

rsna =

{
rsna

1
rsna0
0 in females

rsna0 in males
(S80 )

αmap = 0.5 +
1

1 + e(Pma−103)/15
(S81 )

αrap = 1− 0.008Pra (S82 )

Φwin =
SFU × 0.002313

1 + e−0.8(Cadh−4.340)
(S83 )

dVecf
dt

= Φwin − Φu (S84 )

Vb = SFV × 4.548 +
SFV × 2.431

1 + e
−(Vecf−SFV ×18.11)×( 1

SFV
×0.4744)

(S85 )

Nadhs = Nadhs0 [max{(Csod − Csod0
), 0} + max{(εaum − 1), 0} − δra] /3 (S86 )

dNadh

dt
=

1

Tadh
(Nadhs −Nadh) (S87 )

Cadh = 4Nadh (S88 )

dδra
dt

= 0.2
dPra

dt
− 0.0007δra (S89 )

dMsod

dt
= Φsodin − Φu−sod (S90 )

Csod =
Msod

Vecf
(S91 )

Ĉanp = 7.4052− 6.554

1 + e(Pra−3.762)
(S92 )

Antihypertensive drug effects

cACE = cACE × (1− γACEi) (S93 )



cAT1R = cAT1R × (1− γARB) (S94 )

Ra = Ra ×
(

1− 2

3
γCCB

)
(S95 )

REA = REA ×
(

1− 2

3
γCCB

)
(S96 )

RAA = RAA × (1− γCCB) (S97 )

ηdt−sodreab = ηdt−sodreab × (1− γTZD1
) (S98 )

Rsec = Rsec × (1 + γTZD2
) (S99 )

γTZD2
=
aTZD × γTZD1

bTZD + γTZD1

(S100 )
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