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                    Abstract
Insecticide spraying of housing units is an important control measure for vector-borne infections such as Chagas disease. As vectors may invade both from other infested houses and sylvatic areas and as the effectiveness of insecticide wears off over time, the dynamics of (re)infestations can be approximated by \({ SIRS}\)-type models with a reservoir, where housing units are treated as hosts, and insecticide spraying corresponds to removal of hosts. Here, we investigate three ODE-based models of this type. We describe a dual-rate effect where an initially very high spraying rate can push the system into a region of the state space with low endemic levels of infestation that can be maintained in the long run at relatively moderate cost, while in the absence of an aggressive initial intervention the same average cost would only allow a much less significant reduction in long-term infestation levels. We determine some sufficient and some necessary conditions under which this effect occurs and show that it is robust in models that incorporate some heterogeneity in the relevant properties of housing units.
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                    Notes
	We use the term “reservoir” here for a source of (re)infestation of susceptible domestic units at a fixed rate. To avoid possible confusion with the use of the term “animal reservoir” in studies of human infection by disease agents, we will write “(sylvatic) reservoir.”


	It was in fact called a “hysteresis-like effect” in Oduro (2016).


	Here “strictly” has a different meaning than in Definition 3.1, and in the multidimensional case “monotone” needs to be interpreted as “monotone in each variable.”
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Appendix
Appendix
1.1 Calculating \(I^*\) for the Basic Model with \(c > 0\)
                           
At an equilibrium,
$$\begin{aligned} \begin{aligned} -\beta I^*S^*-cS^*+w(m-S^*-I^*)&=0 \\ \beta I^*S^* +cS^*-rI^*&=0.\\ \end{aligned} \end{aligned}$$

                    (28)
                

From the second line, we have
$$\begin{aligned} S^*=\frac{rI^*}{\beta I^*+c}. \end{aligned}$$

                    (29)
                

Substituting (29) into the first line of (28) and simplifying give a quadratic equation:
$$\begin{aligned} \beta (w+r)\left( I^*\right) ^{2}-(\beta wm-rw-c(w+r))I^*-wcm=0. \end{aligned}$$

                    (30)
                

The only solution of (30) with \(I^* \ge 0\) is:
$$\begin{aligned} I^{*}=\frac{1}{2}\left( \left[ \frac{wm}{(w+r)}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right] + \sqrt{\left( \frac{wm}{(w+r)}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right) ^{2}+\frac{4wcm}{\beta (w+r)}}\right) . \end{aligned}$$


1.2 Proof of Inequality (22)
For \(r_1=\frac{w(\beta m-c)}{w+c}\), we have \(\frac{wm}{w+r_1}-\frac{r_1w}{\beta (w+r_1)}-\frac{c}{\beta } = 0\).
Recall that
$$\begin{aligned} I^*(r) =0.5\left( \frac{wm}{w+r}-\frac{r_1w}{\beta (w+r)}-\frac{c}{\beta } +\sqrt{\left( \frac{wm}{w+r}-\frac{r_1w}{\beta (w+r)}-\frac{c}{\beta }\right) ^2+\frac{4wcm}{\beta (w+r)}}\right) . \end{aligned}$$

Let \(T(r)=\frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\) and \(P(r)=\frac{wcm}{\beta (w+r)}\). Then,
$$\begin{aligned} I^*(r) = 0.5T(r)+0.5\sqrt{(T(r))^2+4P(r)}. \end{aligned}$$

                    (31)
                

Now,
$$\begin{aligned} I^*(r_1)=0.5\left( 0\right) +0.5\sqrt{\left( 0\right) ^2+\frac{4wcm}{\beta (w+r_1)}}=\frac{1}{2}\left( \sqrt{\frac{4wcm}{\beta (w+r_1)}}\right) =\sqrt{\frac{wcm}{\beta (w+r_1)}}. \end{aligned}$$

                    (32)
                

We have
$$\begin{aligned} T^{'}(r) =-\frac{w(\beta m+w)}{\beta (w+r)^2} \quad \text{ and } \quad P^{'}(r) =\frac{-wcm}{\beta (w+r)^2}. \end{aligned}$$

From (31), we obtain
$$\begin{aligned} \left( I^*\right) '(r)=0.5T^{'}(r)+0.5\frac{T(r)T^{'}(r)+2P^{'}(r)}{\sqrt{T^2(r)+4P(r)}}, \end{aligned}$$

so that
$$\begin{aligned} \begin{aligned} \left( I^*\right) '(r_1)&= -\frac{wm}{2(w+r_1)^2}-\frac{w^2}{2\beta (w+r_1)^2}-\frac{wcm}{2\beta (w+r_1)^2\sqrt{\frac{wcm}{\beta (w+r_1)}}}\\ r_1\left( I^*\right) '(r_1)&=-\frac{wmr_1}{2(w+r_1)^2}-\frac{w^2r_1}{2\beta (w+r_1)^2}-\frac{wcmr_1}{2\beta (w+r_1)^2\sqrt{\frac{wcm}{\beta (w+r_1)}}}.\\ \end{aligned} \end{aligned}$$

Therefore, in view of (32),
$$\begin{aligned} \begin{aligned} C^{'}(r_1)&=r_1\left( I^*\right) '(r_1)+I^*(r_1)\\&=-\frac{wmr_1}{2(w+r_1)^2}-\frac{w^2r_1}{2\beta (w+r_1)^2}-\frac{wcmr_1}{2\beta (w+r_1)^2\sqrt{\frac{wcm}{\beta (w+r_1)}}}+\sqrt{\frac{wcm}{\beta (w+r_1)}}\\&=\frac{wm}{(w+r_1)^2\sqrt{\frac{wcm}{\beta (w+r_1)}}}\left( \frac{cw}{\beta }-\left[ \sqrt{\frac{wcm}{\beta (w+r_1)}}-\frac{c}{\beta }\right] \frac{r_1}{2}\right) -\frac{w^2r_1}{2\beta (w+r_1)^2}.\\ \end{aligned} \end{aligned}$$

Replace \(r_1\) by \(\frac{w(\beta m-c)}{w+c}\) and let
$$\begin{aligned} A=\sqrt{\frac{wcm}{\beta (w+r_1)}}-\frac{c}{\beta }=\sqrt{\frac{cm(w+c)}{\beta (w+\beta m)}}-\frac{c}{\beta }>0. \end{aligned}$$

Notice that for positive \(\beta , c, m, w\) the following inequalities are all equivalent:
$$\begin{aligned} \begin{aligned} \frac{cm(w+c)}{\beta (w+\beta m)}&>\frac{c^2}{\beta ^2}\\ \frac{m(w+c)}{w+\beta m}&>\frac{c}{\beta }\\ \beta m(w+c) = \beta mw+\beta mc&> cw+\beta mc = c(w+\beta m)\\ \beta mw&> cw\\ m&> \frac{c}{\beta }. \end{aligned} \end{aligned}$$

Thus, \(A > 0\) if, and only if, \(m > \frac{c}{\beta }\).
Also,
$$\begin{aligned} w+r_1=w+\frac{w(\beta m-c)}{w+c}=\frac{w(w+c)+w(\beta m-c)}{w+c}=\frac{w(w+\beta m)}{w+c}. \end{aligned}$$

It follows that
$$\begin{aligned} C^{'}(r_1)&=\frac{m(w+c)^2}{(w+\beta m)^2\sqrt{\frac{cm(w+c)}{\beta (w+\beta m)}}}\left( \frac{c}{\beta }-A \frac{\beta m-c}{2(w+c)}\right) -\frac{w(\beta m-c)(w+c)}{2\beta (w+\beta m)^2}. \end{aligned}$$

Now, it suffices to show that when m is sufficiently large relative to the ratio \(\frac{c}{\beta }\), the inequality
$$\begin{aligned} \frac{c}{\beta }-A \frac{\beta m-c}{2(w+c)}<0 \end{aligned}$$

                    (33)
                

holds so that
$$\begin{aligned} C^{'}(r_1)<0. \end{aligned}$$

In order to prove (33), it suffices to find some constant \(B> 0\) such that \(A \ge B\) for all sufficiently large m.
Here, we will show that
$$\begin{aligned} 0 <\sqrt{\frac{c(c+\beta )\left( w+c\right) }{\beta ^{2}\left( w+c+\beta \right) }}-\frac{c}{\beta }\le \sqrt{\frac{cm\left( w+c\right) }{\beta \left( w+\beta m\right) }}-\frac{c}{\beta } \end{aligned}$$

                    (34)
                

for all \(m\ge \frac{c}{\beta }+1=\frac{c+\beta }{\beta }\).
For the first inequality in (34), notice that the following are all equivalent for any \(\beta , w, c\ge 0\):
$$\begin{aligned} \begin{aligned} \beta w&> 0\\ \left( c+\beta \right) \left( w+c\right) = cw+c^2+\beta c+ \beta w&> cw+c^2+\beta c = c\left( w+c+\beta \right) \\ \frac{\left( c+\beta \right) \left( w+c\right) }{\left( w+c+\beta \right) }&\ge c\\ \frac{c\left( c+\beta \right) \left( w+c\right) }{\beta ^2\left( w+c+\beta \right) }&\ge \frac{c^2}{\beta ^2}\\ \sqrt{\frac{c\left( c+\beta \right) \left( w+c\right) }{\beta ^2\left( w+c+\beta \right) }}-\frac{c}{\beta }&> 0. \end{aligned} \end{aligned}$$

For the second inequality in (34), assume \(\frac{c}{\beta }+1\le m\). Then,
$$\begin{aligned} \begin{aligned} cw+\beta w&\le \beta wm\\ \left( c+\beta \right) \left( w+\beta m\right) = cw+\beta w+c\beta m+\beta ^2m&\le \beta wm+c\beta m+\beta ^2m = \beta m\left( w+c+\beta \right) \\ \frac{c+\beta }{\beta \left( w+c+\beta \right) }&\le \frac{m}{w+\beta m}\\ \frac{c\left( c+\beta \right) \left( w+c\right) }{\beta ^2 \left( w+c+\beta \right) }&\le \frac{cm\left( w+c\right) }{\beta \left( w+\beta m\right) }\, , \end{aligned} \end{aligned}$$

 and the result follows by taking square roots of both sides and subtracting \(\frac{c}{\beta }\).
1.3 Proof of Theorem 3.6
                           
Assume \(\gamma =\frac{c}{\beta }\). Then,
$$\begin{aligned} \begin{aligned} I^{*}(r)&=\frac{1}{2}\left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\gamma +\sqrt{\left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\gamma \right) ^{2}+\frac{4\gamma wm}{w+r}}\right) \\&=\frac{1}{2}\left[ \frac{-\frac{4wm}{w+r}}{\left[ \frac{wm}{\gamma (w+r)}-\frac{rw}{c(w+r)}-1-\sqrt{\left( \frac{wm}{\gamma (w+r)}-\frac{rw}{c(w+r)}-1\right) ^{2}+\frac{4wm}{\gamma (w+r)}}\right] }\right] \\&=\frac{2wm}{\frac{-wm}{\gamma }+\frac{rw}{c}+w+r+\sqrt{\left( \frac{-wm}{\gamma }+\frac{rw}{c}+w+r\right) ^{2}+\frac{4wm(w+r)}{\gamma }}}. \end{aligned} \end{aligned}$$

                    (35)
                

We show that for \(\gamma > m\) and any \(r_2 > r_1 \ge 0\):
$$\begin{aligned} C(r_2)-C(r_1) =r_2I^{*}(r_2)-r_1I^{*}(r_1) \ge 0. \end{aligned}$$

                    (36)
                

By substituting the last line of (35) into the right-hand side of (36), canceling the positive factor 2mw and cross multiplying with the positive denominators, we see that it suffices to show
$$\begin{aligned} \begin{aligned}&r_2\left[ \frac{-wm}{\gamma }+\frac{r_1w}{c}+w+r_1+\sqrt{\left( \frac{-wm}{\gamma }+\frac{r_1w}{c}+w+r_1\right) ^{2}+\frac{4wm(w+r_1)}{\gamma }}\right] \\&\quad \ge r_1\left[ \frac{-wm}{\gamma }+\frac{r_2w}{c}+w+r_2+\sqrt{\left( \frac{-wm}{\gamma }+\frac{r_2w}{c}+w+r_2\right) ^{2}+\frac{4wm(w+r_2)}{\gamma }}\right] \end{aligned} \end{aligned}$$

Canceling some common terms gives
$$\begin{aligned} \begin{aligned}&r_2\left[ \frac{-wm}{\gamma }+w+\sqrt{\left( \frac{-wm}{\gamma }+\frac{r_1w}{c}+w+r_1\right) ^{2}+\frac{4wm(w+r_1)}{\gamma }}\right] \\&\quad \ge r_1\left[ \frac{-wm}{\gamma }+w+\sqrt{\left( \frac{-wm}{\gamma }+\frac{r_2w}{c}+w+r_2\right) ^{2}+\frac{4wm(w+r_2)}{\gamma }}\right] . \end{aligned} \end{aligned}$$

After rearranging terms, we obtain
$$\begin{aligned} \begin{aligned}&\left( r_2-r_1\right) \left[ w\left( 1-\frac{m}{\gamma }\right) +\sqrt{\left( \frac{-wmr_2}{\gamma }+\frac{r_1r_2w}{c}+wr_2+r_1r_2\right) ^{2}+\frac{4wmr^2_2(w+r_1)}{\gamma }}\right. \\&\quad \left. -\sqrt{\left( \frac{-wmr_1}{\gamma }+\frac{r_1r_2w}{c}+wr_1+r_1r_2\right) ^{2}+\frac{4wmr^2_1(w+r_2)}{\gamma }}\right] \ge 0. \end{aligned} \end{aligned}$$

If \(\gamma > m\), the first term in the square brackets is nonnegative. Next, we will show that
$$\begin{aligned} \begin{aligned}&\sqrt{\left( \frac{-wmr_2}{\gamma }+\frac{r_1r_2w}{c}+wr_2+r_1r_2\right) ^{2}+\frac{4wmr^2_2(w+r_1)}{\gamma }}\\&\quad \ge \sqrt{\left( \frac{-wmr_1}{\gamma }+\frac{r_1r_2w}{c}+wr_1+r_1r_2\right) ^{2}+\frac{4wmr^2_1(w+r_2)}{\gamma }}. \end{aligned} \end{aligned}$$

                    (37)
                

Consider the following expression, which is always positive for \(r_2>r_1\):
$$\begin{aligned} \begin{aligned}&\left[ (r_2+r_1)\left( w-\frac{wm}{\gamma }\right) +\frac{2r_1r_2w}{c}+2r_1r_2\right] \left[ \left( r_2-r_1\right) \left( w-\frac{wm}{\gamma }\right) \right] \\&\quad +\frac{4w^2m}{\gamma }\left( r^2_2-r^2_1\right) +\frac{4wmr_1r_2}{\gamma }\left( r_2-r_1\right) \ge 0. \end{aligned} \end{aligned}$$

                    (38)
                

By expanding the products inside each of the main factors in the first line of (38) and rearranging terms, we obtain:
$$\begin{aligned} \begin{aligned}&\left( \frac{-wmr_2}{\gamma }+\frac{r_1r_2w}{c}+wr_2+r_1r_2-\frac{wmr_1}{\gamma }+\frac{r_1r_2w}{c}+wr_1+r_1r_2\right) \\&\quad \left( \frac{-wmr_2}{\gamma }+\frac{r_1r_2w}{c}+wr_2+r_1r_2+\frac{wmr_1}{\gamma }-\frac{r_1r_2w}{c}-wr_1-r_1r_2\right) \\&\quad +\frac{4w^2mr^2_2}{\gamma }+\frac{4wmr_1r^2_2}{\gamma }-\frac{4w^2mr^2_1}{\gamma }-\frac{4wmr^2_1r_2}{\gamma }\ge 0. \end{aligned} \end{aligned}$$

                    (39)
                

By rewriting the first two lines of (39) as a difference of two squares and factoring out some terms in the third, we obtain
$$\begin{aligned} \begin{aligned}&\left( \frac{-wmr_2}{\gamma }+\frac{r_1r_2w}{c}+wr_2+r_1r_2\right) ^2-\left( \frac{-wmr_1}{\gamma }+\frac{r_1r_2w}{c}+wr_1+r_1r_2\right) \\&\quad +\frac{4wmr^2_2}{\gamma }\left( w+r_1\right) ^2-\frac{4wmr^2_1}{\gamma }\left( w+r_2\right) \ge 0. \end{aligned} \end{aligned}$$

                    (40)
                

Now, (37) follows from (40) by moving the negative terms to the right and taking square roots.
1.4 The Cost Function Increases When \(\beta = 0\)
                           
When we set \(\beta = 0\) in the basic model, we obtain a system of linear DEs
$$\begin{aligned} \begin{aligned} \frac{\hbox {d}I}{\hbox {d}t}&=c(m-I-R)-rI\\ \frac{\hbox {d}R}{\hbox {d}t}&=rI-wR.\\ \end{aligned} \end{aligned}$$

At equilibrium,
$$\begin{aligned} \begin{aligned} c(m-I^{*}-R^{*})-rI^{*}&=0\\ rI^{*}-wR^{*}&=0.\\ \end{aligned} \end{aligned}$$

                    (41)
                

Substitute \(R^{*}=\frac{rI^{*}}{w}\) into the first line of (41) and solve for \(I^{*}\) to get
$$\begin{aligned} \begin{aligned} I^{*}&=\frac{cwm}{wc+r(w+c)}\\ C(r)&=\frac{rcwm}{wc+r(w+c)}. \end{aligned} \end{aligned}$$

Thus, we can estimate the derivative of the cost function as follows:
$$\begin{aligned} \begin{aligned} \frac{\hbox {d}C}{\hbox {d}r}&=\frac{\left[ wc+r(w+c)\right] cwm-rcwm\left[ w+c\right] }{\left( wc+r(w+c)\right) ^2}\\&=\frac{w^2c^2m+rcw^2m+rc^2wm-rcw^2m-rc^2wm}{\left( wc+r(w+c)\right) ^2}\\&=\frac{w^2c^2m}{\left( wc+r(w+c)\right) ^2}>0.\\ \end{aligned} \end{aligned}$$


1.5 Proof of Proposition 3.8(a)
We consider any function of the form
$$\begin{aligned} f(h) = c - h + \sqrt{(c-h)^2 + dh}, \end{aligned}$$

                    (42)
                

where \(c, d > 0\) are constants such that
$$\begin{aligned} d > \max \{4c, 0\}. \end{aligned}$$

                    (43)
                

The first derivative of f wrt h behaves as follows:
$$\begin{aligned} \begin{aligned} f'(h)&= -1 + \frac{-(c-h) + d/2}{\sqrt{(c-h)^2 + dh}},\\ f'(0)&= -1 + \frac{-c + d/2}{\sqrt{c^2 + 0}} = -1 -\frac{c}{|c|} + \frac{d}{2|c|} > 0,\\ \lim _{h\rightarrow \infty } f'(h)&= \lim _{h\rightarrow \infty } - 1 + \frac{-(c-h) + d/2}{\sqrt{(c-h)^2 + dh}}\\&= \lim _{h\rightarrow \infty } -1 +\frac{h-c}{\sqrt{(c-h)^2 + dh}} +\frac{ d}{2\sqrt{(c-h)^2 + dh}} = 0. \end{aligned} \end{aligned}$$

                    (44)
                

Let us calculate the second derivative of f wrt h.
$$\begin{aligned} \begin{aligned} f''(h)&= \frac{\sqrt{(c-h)^2 + dh} - \frac{((c-h) - d/2)^2}{\sqrt{(c-h)^2 + dh}}}{(c-h)^2 + dh} = \frac{(c-h)^2 + dh - ((c-h) - d/2)^2}{((c-h)^2 + dh)\sqrt{(c-h)^2 + dh}}\\&=\frac{(c-h)^2 + dh - (c-h)^2 - d^2/4 - dh + dc}{((c-h)^2 + dh)\sqrt{(c-h)^2 + dh}}\\&= \frac{ - d^2/4 + dc}{((c-h)^2 + dh)\sqrt{(c-h)^2 + dh}} < 0. \end{aligned} \end{aligned}$$

The last inequality follows from (43).
Thus, \(f'(0) > 0\) and \(f'\) decreases throughout \([0, \infty )\). Now, it follows from the last part of (44) that \(f'(h) > 0\) throughout \([0, \infty )\). Proposition 3.8(a) follows by observing that the function \(\frac{I^*(r_i, c_i)}{2\beta _{ii}}\) is of the form (42) with
$$\begin{aligned} \begin{aligned} h&= c_i\\ c&= \frac{\beta _{ii}w_im_i-w_ir_i}{w_i+r_i}\\ d&= \frac{4\beta _{ii}w_im_i}{w_i+r_i}, \end{aligned} \end{aligned}$$

so that (43) holds.
1.6 Proof of Proposition 3.8(c)

                    $$\begin{aligned}&\lim _{r\rightarrow \infty }C(r)= \lim _{r\rightarrow \infty } rI^*(r) \\&\quad = \frac{1}{2}\lim _{r \rightarrow \infty }r\left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }+\sqrt{\left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right) ^{2}+\frac{4wcm}{\beta (w+r)}}\right) \\&\quad =\frac{1}{2}\lim _{r \rightarrow \infty }r\left[ \frac{\left[ \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right] ^2-\left[ \left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right) ^{2}+\frac{4wcm}{\beta (w+r)}\right] }{\left[ \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right] -\sqrt{\left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right) ^{2}+\frac{4wcm}{\beta (w+r)}}}\right] \\&\quad =\frac{1}{2}\lim _{r \rightarrow \infty }\left[ \frac{-\frac{4rwcm}{\beta (w+r)}}{\left[ \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right] -\sqrt{\left( \frac{wm}{w+r}-\frac{rw}{\beta (w+r)}-\frac{c}{\beta }\right) ^{2}+\frac{4wcm}{\beta (w+r)}}}\right] \\&\quad =\frac{1}{2}\left[ \frac{-\frac{4wmc}{\beta }}{-\frac{w}{\beta }-\frac{c}{\beta }-\sqrt{\left( \frac{w}{\beta }+\frac{c}{\beta }\right) ^{2}}}\right] =\frac{1}{2}\left[ \frac{-\frac{4wmc}{\beta }}{-2\frac{(w+c)}{\beta }}\right] =\frac{wcm}{w+c}. \end{aligned}$$


                  

Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Oduro, B., Grijalva, M.J. & Just, W. Models of Disease Vector Control: When Can Aggressive Initial Intervention Lower Long-Term Cost?.
                    Bull Math Biol 80, 788–824 (2018). https://doi.org/10.1007/s11538-018-0401-y
Download citation
	Received: 12 December 2016

	Accepted: 24 January 2018

	Published: 05 February 2018

	Issue Date: April 2018

	DOI: https://doi.org/10.1007/s11538-018-0401-y


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Chagas disease
	Cost of insecticide treatment
	
                        SIRS models
	(Re)infestation
	Dual-rate effect








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					54.161.200.237
				

				Not affiliated

			

		
	
	
		
			[image: Springer Nature]
		
	
	© 2024 Springer Nature




	






    