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Abstract
Lipoprotein apheresis plays a vital role in the management of the severe hyperlipidaemias that predispose to atherosclerosis. Determinants of efficacy are the acute reduction in lipoproteins achieved by each apheresis procedure, their frequency, and the fractional catabolic rates and hence pool sizes of low density lipoprotein (LDL) or lipoprotein (a) (Lp (a)) of the patient being treated. A useful criterion of the efficacy of apheresis plus lipid-lowering drug therapy is the decrease in the interval (time-averaged) mean of serum total or LDL cholesterol or Lp (a) between procedures, expressed as the percent decrease in the interval means below the maximal levels of these lipoproteins when off- all- treatment. Recent advances in lipid-lowering drug therapy may diminish the use of lipoprotein apheresis but will not abolish its unique role of as a therapeutic “last chance saloon,” especially for children and pregnant women with homozygous familial hypercholesterolaemia (FH).
Word count: 146















.Historical background
Following the development of the continuous flow blood cell separator in the 1970s, plasma exchange was used successfully to treat hypercholesterolaemic primary biliary cirrhosis1 and homozygous FH.2 Selective LDL apheresis by immunoadsorption of LDL apolipoprotein B (apoB) from plasma was introduced in the1980s3 but was soon superseded by other selective procedures. Currently the most popular methods in the UK are dextran sulphate adsorption and polyacrylate/ polyacrylamide adsorption of apoB-containing lipoproteins from whole blood, and double filtration plasmapheresis. Less popular are dextran sulphate adsorption and heparin-induced precipitation of apoB-containing lipoproteins from plasma.4 The term selective is a misnomer because these procedures remove not only LDL but also Lp (a), very low density lipoproteins (VLDL) and chylomicrons, all of which contain apoB. This review is confined to the role of apheresis to treat FH and hyperlipoprotein(a)aemia but not hypertriglyceridaemia, which is discussed elsewhere.5
Objectives of lipoprotein apheresis
Previous studies 6 suggested that there are 3 major physiological pools of cholesterol in the body, excluding the brain: a rapidly exchangeable pool comprising the cholesterol in plasma lipoproteins, red cells, liver and intestines; a pool with an intermediate rate of exchange, consisting of the cholesterol in skin and adipose tissue; and a slowly exchangeable pool of the cholesterol in skeletal muscle, tendons and arterial wall. Approximately 1 g of synthesised plus dietary cholesterol enters the rapidly exchangeable pool each day, and is balanced by the faecal excretion of a corresponding amount of neutral sterols and bile acids.
In patients with homozygous FH the size of the rapidly exchangeable pool is nearly twice normal, reflecting their marked increase in plasma LDL cholesterol. This increases the amount of cholesterol transferred to the intermediate and slowly exchangeable pools, manifested clinically by the appearance of numerous cutaneous xanthomas in childhood and later by large tendon xanthomas and severe aortic root atheroma. Lipoprotein apheresis decreases the size of the rapidly exchangeable pool of cholesterol and thereby reduces the influx of cholesterol into the intermediate and slowly exchangeable pools and promotes high density lipoprotein (HDL) - mediated efflux of cholesterol from these pools into plasma 7, resulting in regression of xanthomas and atherosclerotic coronary lesions. In addition to these effects on cholesterol metabolism apheresis exerts other potentially anti-atherosclerotic actions resulting from its removal from plasma of PCSK9 8 and of coagulation factors such as fibrinogen and of pro-inflammatory cytokines, all of which may play a significant role in the progression of atherosclerosis.9
Steady state and non-steady state kinetics of LDL and Lp(a)
LDL production is governed by zero order kinetics and remains constant irrespective of the size of the LDL pool in plasma. In contrast, LDL removal obeys first order kinetics, the fractional catabolic rate (FCR) remaining constant irrespective of the size of the LDL pool. In the steady state production and removal rates are equal, the size of the LDL pool needed to achieve equivalence being inversely proportional to the FCR. 
In pathophysiological terms, the FCR of LDL mainly reflects the latter’s uptake by hepatic LDL receptors. In healthy subjects with normal LDL levels the FCR is approximately 0.5 pools/day, in FH heterozygotes the FCR is approximately 0.25 pools /day, reflecting a partial deficiency of LDL receptors, whereas in homozygotes it is only 0.125 pools/day, due to an almost complete lack of LDL receptors. Hence, in the steady state the LDL pool in heterozygotes is twice the normal size and in homozygotes four times normal. Clinically this manifested by corresponding increases in plasma cholesterol levels.
Apheresis creates a non-steady state by acutely reducing plasma levels of LDL and Lp(a). This is followed by curvilinear rebounds of these lipoproteins, which gradually plateau until a steady state is restored or pre-empted by a subsequent apheresis procedure. Contrasting post-apheresis rates of rebound of serum cholesterol in normal subjects, FH heterozygotes and FH homozygotes reflect differences in the FCR of LDL (Fig 1).
Apstein et al 10 analysed the non-steady state kinetics of the post-apheresis rebound of plasma cholesterol (90% of which is LDL cholesterol in FH) and showed that:

(I)                                FCR = - ln (C0 – C max)    t max
                                                       (C0 – C min)

where C0 is the pre-apheresis value of cholesterol, C min is its post-apheresis value and C max is the value at time t after apheresis (usually 7 or 14 days) i.e. it is the baseline value before the subsequent procedure.
The interval mean levels of total and LDL cholesterol between consecutive procedures can be calculated as described by Kroon et al: 11
      (2)                                 C mean = C min + k (Ct – C min)
using values for k of 0.65 for FH homozygotes and 0.71 for heterozygotes on statin therapy undergoing apheresis at bi-weekly intervals.12
Recently Ma et al 13 reviewed published values for the FCRs of LDL and Lp(a) obtained by calculating the first order disappearance constant of the post-apheresis rebound curves in 37 subjects, as in equation (1) above. Their averaged results, illustrated in Fig 2, demonstrate that values of the FCR of LDL were highest in normal subjects, lowest in FH homozygotes and intermediate in heterozygotes, in accordance with the results of earlier steady state isotopic turnover studies.14 , 15 In contrast, they found that non-steady state values of the FCR of Lp(a) were roughly the same in all 3 categories of subject, approximately 0.2 pools /day, which is similar to the FCR of LDL in FH heterozygotes.
Determinants of efficacy
The lipoprotein- lowering effect of apheresis depends upon the efficiency of the system employed, the volume of blood or plasma treated and the frequency of the procedure. 
Plasma volume can be calculated as body weight (kg) x 0.045 litres and blood volume as plasma volume  (1- haematocrit). The acute fall in cholesterol after apheresis is calculated from F= e - P where F is the fraction remaining in plasma or blood after the procedure and p is the ratio between the volume treated and the plasma or blood volume.16 Thus when p=1, F= 0.37, a reduction of 63%; and when p = 2, F=0.135, a reduction of 86.5%, assuming 100% efficiency of lipoprotein removal by whichever apheresis system is employed.
Ideally two blood or plasma volumes should be treated during each procedure, which results in an acute decrease in LDL or Lp(a) of >80%. When apheresis is repeated at weekly intervals this should result in decreases in interval mean values of LDL cholesterol below baseline of 46% in homozygotes and 31% in heterozygotes; when performed at 2 weekly intervals the corresponding decreases in interval means are 35% and 22%. Most FH homozygotes will already be on treatment with multiple lipid-lowering drugs and in these patients the reduction is > 70% when weekly apheresis is combined with a statin, ezetimibe and a PCSK9 inhibitor. If interval mean values are not available an alternative criterion is the % reduction in the maximal (pre-procedure) level on apheresis below the off all treatment value, although this markedly underestimates the overall efficacy of treatment. 
Depending upon the severity of the underlying LDL receptor mutation it has been difficult up until now to achieve an overall reduction in LDL cholesterol to the levels specified by the European Atherosclerosis Society (EAS) and European Society of Cardiology (ESC) for FH (LDL-C < 3 mmol/l, 135 mg/dl in children; < 2.6 mmol/l, 100 mg/dl in adults or < 1.8 mmol/l, 70 mg/dl in adults with cardiovascular disease).17
Clinical outcomes
Following the introduction of plasma exchange to treat patients with homozygous FH 2 the procedure was undertaken bi-weekly for 8.4 years and showed that the ensuing 37% decrease in baseline total cholesterol levels resulted in a significantly increased life expectancy in 5 homozygotes compared with their untreated, deceased homozygous siblings.18 However, as discussed above, lipoprotein apheresis at weekly intervals achieves appreciably better control of hypercholesterolaemia than bi-weekly procedures, especially when combined with high doses of atorvastatin or rosuvastatin plus ezetimibe.
Recently, a retrospective survey in South Africa and the UK showed that the survival of homozygotes followed up for 25 years was strongly correlated with their level of total cholesterol while on treatment with multiple forms of lipid-lowering therapy including apheresis.19 Using Cox and competing risks regression analysis the adjusted hazard ratio for total mortality was six fold greater in patients with a mean cholesterol of 18.5 mmol/l than in those with a mean level of 6.5 mmol/l, mainly reflecting an increase in cardiovascular mortality. 
Future Prospects
Recent developments in lipid-lowering drugs include the proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors, which have been shown to reduce LDL cholesterol by over 50% in FH heterozygotes and by 20% in homozygotes on apheresis.20 The future use of apheresis to treat refractory hypercholesterolaemia in FH heterozygotes has been thrown into doubt by the results of studies conducted in the USA and Germany, 21 Spain 22 and Japan,23 all of which have demonstrated that PCSK9 inhibitors are more effective than apheresis in lowering LDL in such patients. In future it seems that only a minority will require apheresis in addition to PCSK9 inhibition, including those with a co-existing increase in Lp(a).
In homozygotes combining apheresis and the microsomal triglyceride transfer protein (MTP) inhibitor lomitapide is more effective than combining apheresis with a PCSK9 inhibitor and enables some patients to achieve the target values of LDL cholesterol specified for FH by the EAS and the ESC.17 In some instances, lomitapide reduces the frequency of or eliminates the need for apheresis altogether.24 The latest drug on the scene is evinacumab, a monoclonal antibody to angiopoietin-like 3 (ANGPTL3), which has been shown to reduce LDL cholesterol by 49% in homozygotes, one third of whom were on apheresis, but does not cause the fatty liver that is the main side effect of lomitapide.25   A recent study in genetically-modified hyperlipidaemic mice showed regression of atherosclerosis following triple therapy with a statin, a PCSK9 inhibitor and evinacumab 26 but it remains to be shown whether this approach is feasible in humans.
Conclusions
Lipoprotein apheresis has been the gold standard of treatment for homozygous FH for almost half a century and is also the most effective means currently available for lowering Lp(a). It remains to be seen whether it will continue to fulfil those roles or whether the advent of novel LDL- and Lp(a) -  lowering compounds  will diminish its usefulness, as is already happening with heterozygous FH. Early treatment is vital in homozygotes but can only be achieved in young children by apheresis, 27,28  since the use of evolocumab, alirocumab, lomitapide and evinacumab is currently restricted to those > 12 years of age.  Similar constraints on drug therapy and reliance upon apheresis apply to FH homozygotes during pregnancy, in whom it plays a vitally important role in controlling their hormonally- accentuated hypercholesterolaemia.29 
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            Figure Legends
Fig 1. Contrasting rates of rebound of plasma cholesterol (C) from their post-apheresis nadir (C min) reflect differences in fractional catabolic rates of LDL between normal subjects, FH heterozygotes (HeFH) and FH homozygotes  (HoFH).
[bookmark: _GoBack]Fig 2. Non-steady state estimates of fractional catabolic rates (FCR, pools/day) of LDL in normal subjects, FH heterozygotes (HeFH) and FH homozygotes (HoFH), based on first order disappearance constant data compiled by Ma et al,13 compared with steady state estimates derived from previous radio-isotopic turnover studies.14,15 
