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ABSTRACT 1 

Introduction 2 

Type 1 collagen forms >90% of the organic matrix of bone. Bone is continually being 3 

remodelled, where type 1 collagen is broken down and renewed. During this, fragments 4 

created by the synthesis of new type 1 collagen or the breakdown of old type 1 collagen 5 

are released into the blood. The most widely used fragments for assessment of bone 6 

turnover are the synthesis product type 1 procollagen amino‑terminal propeptide 7 

(P1NP), and the degradation product -isomerized carboxy-terminal telopeptide 8 

(‑CTX). The concentrations of these molecules are conventionally assessed in serum or 9 

plasma obtained by venepuncture. Here I assess whether the concentrations of total 10 

P1NP and β-CTX can be ascertained from whole blood samples collected by volumetric 11 

absorptive microsampling (VAMS).  12 

Methods 13 

VAMS and K3-EDTA plasma samples were collected from military subjects (n = 44) 14 

enrolled in the UK Ministry of Defence’s ADAPT study at three timepoints. The 15 

microsamples and K3-EDTA plasma samples were analysed for P1NP and β-CTX by 16 

electrochemiluminescent immunoassay (ECLIA). The haematocrit (HCT) of the samples 17 

was assessed by automated cytometry on baseline whole blood K3-EDTA samples. P1NP 18 

and β-CTX concentrations for microsamples were back-calculated to plasma equivalent 19 

values (PEVs), based on the HCT obtained. 20 

Results 21 

 PEVs for β-CTX showed positive linear correlation with a Pearson’s R of 0.900 when 22 

compared with conventional sampling. However, Bland-Altman analysis demonstrated 23 
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the wide variability among this sample set. VAMS did not yield any valid results for P1NP 24 

due to assay interference from haemolysis and analyser sampling errors. 25 

Conclusions 26 

With improved processing of the microsamples, VAMS could be employed for β-CTX 27 

measurement. Further work is required to optimise the sample collection procedure to 28 

eliminate haemolysis of the sample and re-evaluate VAMS as a collection method for the 29 

analysis of β-CTX and P1NP. 30 
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Introduction 31 

 Bone is not a static, inert structure, as once thought, but a functionally diverse, 32 

metabolically active and dynamic tissue. Not only does it provide the biomechanical 33 

properties for locomotion, support for the rest of the body and the protection of vital 34 

internal organs, it is the environment where haematopoiesis occurs, has a role in both 35 

calcium and phosphate homeostasis, and also contributes to acid-base balance via 36 

hydrogen ion buffering (Clarke, 2008). Additionally, some studies have implied that bone 37 

also has an important role in endocrine function including fertility, muscle function, 38 

appetite regulation and energy metabolism (Oldknow et al., 2015, Mera et al., 2017, 39 

Mera et al., 2018, DiGirolamo et al., 2012). Most countries are experiencing an ageing 40 

population, with a concomitant increase in the prevalence of bone and mineral 41 

metabolism disorders, escalating the interest in, and the need for, effective techniques 42 

for screening, diagnosis and follow-up of patients with such pathologies in routine 43 

clinical practice and also in research. In the assessment of metabolic bone health, one of 44 

the most important tools available to researchers and/or clinicians is biochemical 45 

analysis of cellular and extracellular components of the bone matrix; biochemical 46 

markers that give an indication of the status of this dynamic tissue. 47 

 

Collagen in bone 48 

Collagen is a major structural component of bone and, in conjunction with the 49 

mineral hydroxyapatite, provides the required mechanical properties of the skeleton. 50 

Collagen is a superfamily of macromolecules (biopolymers) consisting of 28 distinct 51 
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types, classified into several groups, determined by the structure they form on 52 

maturation. The majority (>90%) of organic bone matrix consists of type 1 collagen, a 53 

fibril-forming collagen which comprises of three polypeptide chains wound into a triple 54 

helix tertiary structure. The triple helix is a heterotrimer made up of two identical α1(1) 55 

helices and one α2(1) helix, being held together by pyridinium cross-links. In adult bone, 56 

the majority of collagen is mineralised; a composite of predominantly calcium and 57 

phosphate which, together with hydroxyl groups, forms hydroxyapatite 58 

(Ca10(PO4)6(OH)2). This provides bone with the biomechanical properties required for 59 

load bearing, torsional stiffness, and tensile strength, (Fledelius et al., 1997, Sherman et 60 

al., 2015, Gelse et al., 2003).  61 

 

In healthy individuals, bone is being continuously remodelled by tightly regulated 62 

anabolism of type 1 collagen in bone and catabolism of mature bone matrix. This occurs 63 

at identifiable, well-defined areas at the surface of both cortical and trabecular bone, 64 

known as bone remodelling units. This process is driven by the activity of osteoblasts 65 

(formation), osteocytes (maintenance) and osteoclasts (resorption). The resorption 66 

phase usually takes around 10 days to complete, followed by the formation phase that 67 

can last for as long as 3 months under normal conditions (Figure 1). Several biochemical 68 

markers (defined by The Biomarkers Definitions Working Group as “a characteristic that 69 

is objectively measured and evaluated as an indicator of normal biological processes, 70 

pathogenic processes, or pharmacologic responses to a therapeutic intervention” 71 

(Biomarkers Definitions Working Group, 2001)) are produced during this remodelling, 72 

reflecting the metabolic process they are considered to be derived from, which can be 73 

detected in serum, plasma and/or urine. The bone formation markers are either 74 
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consequences of collagen synthesis or incorporation of type 1 collagen into the matrix, 75 

matrix proteins or osteoblastic enzymes, whereas the resorption markers are 76 

degradation products of type 1 collagen breakdown or the osteoclastic enzymes that 77 

drive this process. By determining the concentration of bone resorption and formation 78 

markers (Table 1), osteoclast and osteoblast activity, and therefore bone turnover, can 79 

be estimated (Seibel, 2005).  80 

Formation Markers Resorption Markers 

Bone-specific alkaline phosphatase Hydroxyproline 

Osteocalcin Hydroxylysine-glycosides 

C-terminal propeptide of type 1 procollagen (P1CP Pyridinoline (PYD) 

N-terminal propeptide of type 1 procollagen 

(P1NP). 

Deoxypyrodinoline (DPD) 

 Carboxyterminal cross-linked telopeptide of type 1 

collagen (- and β-isomerised forms) (-CTX & β-

CTX) 

 Aminoterminal cross-linked telopeptide of type 1 

collagen (NTX-1) 

 Bone sialoprotein (BSP) 

 Osteocalcin fragments (OC) 

 Tartrate-resistant acid phosphatase, 5b (TRAP5b) 

Table 1: Biochemical markers of bone turnover used in clinical practice. 81 

Whilst there are several bone turnover markers shown in the above table, the 82 

decision was made to concentrate on the collagen formation and breakdown products 83 

for this project, as collagen is the main component of bone matrix. 84 
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 85 

Figure 1. The bone remodelling cycle. In healthy individuals, the osteoclast-driven 86 
resorption phase takes approximately 10 days, followed by an osteoblast-driven 87 
formation phase that can last for up to 3 months. (Reproduced from Seibel MJ. 88 
Biochemical markers of bone turnover: part I: biochemistry and variability. The Clinical 89 
biochemist. Reviews. 2005 Nov;26(4):97-122.) 90 

 

Type 1 collagen is ultimately derived from type 1 procollagen synthesized by 91 

fibroblasts and the bone forming cells, the osteoblasts (Burgeson, 1988). Similar to other 92 

secreted proteins, collagen polypeptides are synthesized by ribosomes on the rough 93 

endoplasmic reticulum (RER). The polypeptide chain then travels through the RER and 94 

the Golgi apparatus, where post-translational modifications occur, before being 95 

secreted. Post-translational modifications include hydroxylation of the proline (Pro) and 96 

lysine (Lys) residues, forming hydroxylproline (Hyp) and hydroxylysine (Hyl) respectively, 97 

and addition of the carbohydrates galactose and glucose. Galactosyl- and glucosyl- 98 
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residues, catalysed by the enzymes hydroxylysyl galactosyltransferase and 99 

galactosylhydroxylysyl glucosyltransferase, are transferred to the hydroxyl groups of Hyl. 100 

Type 1 procollagen contains both N‑(amino) and C‑(carboxy) terminal extensions. These 101 

extensions (propeptides) help to align the three polypeptide chains correctly and 102 

prevent the three chains from aggregating prematurely. On secretion from the cell, the 103 

propeptides are removed by procollagen N-proteinase and procollagen C-proteinase 104 

respectively during the conversion of procollagen to tropocollagen. The propeptides are 105 

named type 1 procollagen carboxy-terminal-propeptide (P1CP) and type 1 procollagen 106 

amino-terminal-propeptide (P1NP). The tropocollagen then aggregates into a microfibril 107 

and undergoes pyridinium cross-linking to produce the mature collagen fibre. The 108 

mature collagen fibre is subsequently incorporated into the bone matrix (Prockop et al., 109 

1998). Whilst neither P1CP nor P1NP are 100% bone-specific in origin, studies on pigs 110 

have suggested that the concentration of P1CP (and therefore the same can be assumed 111 

for P1NP) in the serum that has entered the circulation (via the subclavian vein) from 112 

lymph draining from the collagen-containing soft connective tissues such as the skin is 113 

negligible, so the majority of P1CP and P1NP in the serum has been contributed by the 114 

metabolism (formation) of the organic bone matrix (Jensen et al., 1990). 115 

 

Type 1 Procollagen Amino‑Terminal‑Propeptide (P1NP) 116 

Type 1 procollagen amino-terminal-propeptide (P1NP) is used as biochemical 117 

marker of bone formation. P1NP was originally identified in humans from amniotic fluid 118 

and was referred to as foetal antigen 2 before it was discovered that it was in fact a 119 

homomer of the α1 chains of P1NP (Teisner et al., 1992). P1NP is a specific indicator of 120 

type 1 collagen deposition in bone tissue and therefore can be defined as a true bone 121 
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formation biomarker (Orum et al., 1996). During type 1 collagen formation P1NP is 122 

released into the intracellular space and eventually into the circulatory system. P1NP is 123 

thought to be released as a trimeric structure (derived from the triple helix structure of 124 

type 1 collagen) but is rapidly broken down to a monomeric form by thermal 125 

degradation effects, as the trimeric nature of P1NP is only maintained by non-covalent 126 

forces and the structure is labile at 37oC (Jensen et al., 1998, Brandt et al., 1999). Assays 127 

that measure both the trimeric (high molecular weight) and monomeric (low molecular 128 

weight) forms of P1NP are known as “total P1NP” assays. 129 

 

‑Isomerized Carboxy‑Terminal Telopeptide (‑CTX) 130 

‑Isomerized Carboxy‑Terminal Telopeptide (‑CTX) is used as biochemical 131 

marker of bone resorption. As mature type 1 collagen is degraded, small fragments pass 132 

into the bloodstream, eventually being excreted by the kidneys. In physiological or 133 

pathological conditions, characterised by elevated bone resorption (e.g. post-134 

menopausal bone loss, bowel and joint inflammatory diseases, or osteoporosis), type 1 135 

collagen degradation is increased, and there is a corresponding rise in the plasma 136 

concentration of collagen fragments in the blood and urine.  The non-helical 137 

β‑isomerized C‑terminal telopeptides (β‑CTX) are fragments with high specificity for 138 

the degradation of mature type 1 collagen (Bonde et al., 1994). This spontaneous 139 

isomerisation occurs post-translationally and non-enzymatically in the polar, charged 140 

aspartic acid residue in the 8 amino-acid (8AA) sequence of the C-terminus of the α1 141 

chain of type 1 collagen (EKAHβDGGR), the C-terminal polar, charged arginine being 142 

essential (Bonde et al., 1997). These β-isomerized telopeptides are highly specific for the 143 

degradation of type 1 collagen predominantly present in mature bone as the degree of 144 
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isomerization increases with the  biological age of collagen  (Gineyts et al., 2000). 145 

Therefore, serum β-CTX concentration can be used to assess bone degradation.  146 

 

Clinical Utility of β-CTX and P1NP as Markers of Bone Turnover 147 

 β-CTX and P1NP are, respectively, the most commonly utilised markers of bone 148 

resorption and formation used in both basic and clinical research and in patient care. 149 

Firstly, for any biochemical marker to be of clinical utility, the change in the 150 

concentration of the marker in response to a clinical intervention or disease process 151 

must exceed the minimum significant change (MSC) (also known as least significant 152 

change (LSC)). This represents a change significantly large enough to be unlikely to be 153 

caused solely by a combination of biological variability within an individual and analytical 154 

variation in the assay, and thus reflecting change as a result of the clinical intervention 155 

or change in metabolism (Hannon et al., 1998, Rosen et al., 2000). Sources of biological 156 

variation in bone turnover markers include age, gender and race. There is also a strong 157 

diurnal variation in their concentrations. Concentrations of bone turnover markers in 158 

childhood tend to correspond to their growth rate, for example reflecting the high rate 159 

of postnatal growth seen in the first month of life and the growth spurt seen in 160 

adolescence (Mora et al., 1997, Mora et al., 1999, Tsukahara et al., 1999, Tsukahara et 161 

al., 1996). As adulthood progresses, bone turnover marker concentrations decrease to a 162 

nadir between 30 and 50 years of age, then increase with progression into old age. This 163 

increase is markedly higher in women than in men during the peri-menopausal and early 164 

post-menopausal years. Whilst men do not go through the equivalent of the 165 

menopause, they do experience a decrease in bioavailable (non-sex hormone-binding 166 

globulin (SHBG)-bound) testosterone and oestrogen as age progresses, which correlates 167 
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with an increase in bone resorption markers and bone loss (Resch et al., 1994, Kelly et 168 

al., 1989, Kuwana et al., 1988, Khosla et al., 1998, Khosla et al., 2001). These changes 169 

over the life-course reflect the cessation of longitudinal growth, the completion of bone 170 

mass consolidation, followed by the onset of the menopause in women at around 50 171 

years and ageing in both women and men.  Several studies have shown that ethnicity 172 

also has an effect on the incidence of osteoporosis, being lower in populations with 173 

African heritage than in those with Caucasian ancestry. There is an approximately 10% 174 

higher bone mineral density (BMD) at the lumbar spine, radius and proximal femur 175 

associated with a lower rate of bone turnover in black versus white children. Similar 176 

findings have also been shown in adults, with white adults consistently having lower 177 

BMD than their equivalent African-American counterparts (Slemenda et al., 1997, 178 

Ettinger et al., 1997, Meier et al., 1992). Bone turnover and therefore bone markers 179 

show significant diurnal variations, the highest concentrations being obtained during the 180 

early morning hours, decreasing to the lowest concentrations in the afternoon and 181 

evening (Eastell et al., 1992, Greenspan et al., 1997, Mautalen, 1970, Schlemmer and 182 

Hassager, 1999). This is especially true for β-CTX with one study reporting daily 183 

amplitude differences of up to 66% (Wichers et al., 1999). 184 

 

Elevated serum concentrations of β‑CTX have been reported for patients with 185 

increased bone resorption in conditions such as osteoporosis or hyperparathyroidism. 186 

The serum concentrations return to normal during antiresorptive therapy (Bonde et al., 187 

1995, Ravn et al., 1996, Rosenquist et al., 1998, Christgau et al., 1998). Determination of 188 

β‑CTX concentration in serum is therefore recommended for clinically monitoring the 189 

efficacy of antiresorptive therapy in osteoporosis or other bone diseases. Such 190 
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antiresorptive therapies include bisphosphonates, such as alendronic acid and 191 

zolendronic acid, receptor activator of nuclear factor-κB (RANK) ligand (RANKL)-192 

inhibiting antibodies, such as denosumab, or hormone replacement therapy (HRT) using 193 

Selective Estrogen Receptor Modulators (SERMs), such as raloxifene. By monitoring 194 

patients’ β-CTX concentrations throughout a treatment regime, therapy‑induced 195 

changes can be demonstrated after just a few weeks (Rosenquist et al., 1998). 196 

 

Whilst it is important to highlight that some of the above studies investigated 197 

other bone turnover markers such as urinary cross-linked amino-telopeptides (uNTX), 198 

urinary pyridinoline (uPYD), urinary deoxypyridinoline (uDPD), bone-specific alkaline 199 

phosphatase (BSALP) and osteocalcin (OC) and do not necessarily assess β-CTX or P1NP 200 

in their analysis, it is a fair assumption that, as β-CTX and P1NP are also markers of bone 201 

turnover, they would also follow the same biphasic pattern as age progresses.  202 

 

Conventional Sampling Techniques 203 

 As indicated above, bone turnover markers can be found in either urine, serum 204 

or plasma. Whole blood can be divided into three portions: the plasma (clear 205 

extracellular fluid) containing platelets (required for clotting); the white blood cells 206 

(leucocytes); and the red blood cells (erythrocytes). The haematocrit (HCT) is the 207 

proportion of whole blood that is made up of erythrocytes and is sometimes referred to 208 

as the packed cell volume (PCV). The most widespread blood collection method for 209 

routine biochemical analysis is phlebotomy to collect sufficient blood (usually between 5 210 

and 10 mL) to yield an appropriate volume of either plasma (where an anticoagulant in 211 

the collection tube has been used) or serum (obtained post-coagulation i.e. plasma 212 
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minus platelets) upon centrifugation. What is deemed an ‘appropriate volume’, depends 213 

on various factors such as the number of analytes being assessed, the analytes of 214 

interest themselves and the analytical technique employed. Depending on the stability 215 

and/or nature of the analyte of interest, anticoagulants may be employed. These include 216 

tri-phosphate ethylene-diamine-tetra-acetic acid (K3-EDTA), sodium citrate and fluoride 217 

oxalate. Much work has been carried out to standardise sample collection, to minimise 218 

or eliminate the pre-analytical issues mentioned above. Whilst there are certain sources 219 

of biological variation which, of course, cannot be mitigated for, such as gender, age and 220 

race, standardisation of sampling times can certainly reduce variability produced by the 221 

diurnal nature of bone turnover markers. This is also true of bone markers found in 222 

urine, with timed urine collections such as first or second morning void or 24 hour 223 

collections preferred, depending on the analyte to be assessed. If the biochemical 224 

marker is affected by diet, or the timing of food intake, then appropriate instruction for 225 

fasting needs to be given to patients prior to venepuncture. Consideration of the effects 226 

of acute exercise shortly prior to blood collection also needs to be taken, as this can 227 

cause some markers to rise by 30-40% of their baseline concentrations (Woitge et al., 228 

1998, Fujimura et al., 1997). 229 

 

Conventional blood collection requires specialist staff and equipment, and if 230 

there is requirement for the sample to be transported long distances between collection 231 

and analysis, this usually occurs refrigerated or frozen post-centrifugation, which can be 232 

expensive. Precautions also need to be taken to minimise potential infection via needle 233 

stick incidents and/or other accidents. 234 
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Microsampling 235 

Microsampling refers to the collection of a small amount of blood (typically <50 236 

L), usually from a finger-prick in adults and a heel-prick in neonates. The most 237 

widespread method of microsampling collects blood from the finger or heel-prick onto a 238 

paper-based substrate which is allowed to dry for storage / shipping and are known as 239 

dried blood spots (DBS).  It is considered more patient-friendly due to its relative non-240 

invasiveness when compared with conventional venepuncture. The low sampling 241 

volume requirement is ideally suited for use in paediatric practice and in the elderly 242 

population in which conventional venepuncture can prove to be difficult (Lehmann et 243 

al., 2013), and in which bone turnover monitoring is important for overall health and 244 

well-being. It is also suited to other patient groups in which venepuncture may be 245 

challenging, for example in those with limited mental capacity. A phlebotomist or 246 

member of nursing staff is not required to perform venepuncture on patients capable of 247 

self-sampling as minimal training is required, which reduces the time and the 248 

inconvenience of attending hospital/GP appointments for phlebotomy as the sampling 249 

can be done at home.  250 

 

The reduced volume and the fact that DBS do not need to be shipped 251 

refrigerated or frozen also means there are financial benefits to microsampling and 252 

allows patients to mail their samples at ambient temperature, streamlining the process 253 

of transporting samples to the laboratory and improving efficiency, as clinicians can be 254 

in possession of the results in advance of routine appointments. This is also an 255 

advantage for sampling in remote communities and communities with limited technical 256 

infrastructure such as laboratories and cold-chain logistics (Judd et al., 2003). 257 
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Additionally, there is evidence that dried blood samples carry a reduced risk of infection 258 

from certain pathogens than a conventional wet sample as some viruses are deactivated 259 

upon desiccation due to disruption of the viral capsid (Déglon et al., 2012, Resnick et al., 260 

1986). All of these benefits also make this method of sample collection attractive for 261 

clinical study recruitment. However, conversion of measured analyte concentrations in 262 

DBS samples to their plasma equivalents has hindered the implementation of 263 

microsampling in routine patient care. This is because the viscosity of the patient’s blood 264 

(the higher the HCT, the more viscous the sample) has an impact on how a DBS sample 265 

spreads through the absorbent substrate, and therefore, decisions on whether to take 266 

sub-punches or use the entire blood spot can have a major influence on the precision 267 

and accuracy of analytical results. Depending on the analyte of interest and the 268 

absorbent substrate used for microsampling, HCT values can cause significant assay bias 269 

(Spooner et al., 2015b, Denniff and Spooner, 2010, O'Mara et al., 2011). This is widely 270 

known as the “haematocrit issue”. 271 

 

Volumetric Absorptive Microsampling (VAMS) 272 

MitraTM is an innovative volumetric absorptive microsampling (VAMS) system 273 

developed by Neoteryx (Torrance, CA, USA) (Spooner et al., 2015a). They are polymer-274 

based tips containing a network of capillaries with a fixed internal capacity, and so have 275 

the advantage over more traditional, paper-based DBS because they absorb a consistent 276 

volume of whole blood sample (20 L), regardless of the patient’s HCT. Previous studies 277 

have used VAMS as a sampling technique where conventional serum / plasma samples 278 

would ordinarily be used (Denniff and Spooner, 2014, Denniff et al., 2015, Parker et al., 279 

2015, Mercolini et al., 2016, Kip et al., 2017). Whilst these studies claim to overcome the 280 
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HCT bias, they involved direct interpolation from standard curves generated from 281 

matrix-matched calibrators, which would be impractical to achieve on platforms where 282 

it is necessary for the manufacturer’s calibrators to be used. These previous studies do 283 

not address a scenario where the calibrators must be, by the nature of the analytical 284 

method, in a different matrix, as described herein. It is also worth noting that these 285 

previous studies did not address the issue of whether the analytes assessed undergo 286 

erythrocyte-plasma partitioning, which, if it occurs, HCT variation would exert a greater 287 

influence on final determined concentrations.  288 

 

Two of the formats designed by Neoteryx are the ‘butterfly’ and ‘clamshell’ 289 

cartridges, containing two and four microsampling devices respectively, which can be 290 

distributed to patients for sampling and subsequent shipping within a sealable foil 291 

pouch, with or without a sachet of desiccating material. This design can be augmented 292 

by addition of vials of appropriate liquid to keep the sample hydrated if necessary. This 293 

liquid would need to be suitable, so no interference is observed in the analytical method 294 

employed. For studies with access to a central laboratory, there is also a 96-tip format 295 

which can interface with automated and semi-automated sample processing platforms, 296 

for high throughput analysis for the purposes of therapeutic drug monitoring and drugs 297 

of abuse screening. An illustration of the Neoteryx MitraTM VAMS system in use is shown 298 

below. 299 
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 300 

Photo: Courtesy of Neoteryx, LLC. 301 
 

Detection Methods 302 

Current methods for the detection of β-CTX and total P1NP in serum and plasma 303 

include enzyme-linked immunosorbent assay (ELISA), radioimmunoassay (RIA) and 304 

electrochemiluminescent immunoassay (ECLIA), with ECLIA being the most widespread 305 

in routine laboratories. Spectrophotometry is also widely used in colorimetric and 306 

turbidimetric assays.  307 

Electrochemiluminescence 308 

Electrochemiluminescence (ECL) describes any emission of light from a chemical 309 

solution when it relaxes from an electrically excited state to its lower-level state after 310 

experiencing electron-transfer reactions. Electrochemiluminescent Immunoassay (ECLIA) 311 

utilises this property in conjunction with an immunoassay (Richter, 2008).  312 

 

Roche Diagnostics GmbH (Mannheim, Germany) have refined this into an 313 

automated process on their COBAS platform, where the analyte of interest is incubated 314 

with a biotin-conjugated antibody raised against the analyte of interest, along with a 315 
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ruthenium compound (Tris(2,2’-bipyridyl)ruthenium(II) complex [Ru(bpy)3]2+)-316 

conjugated antibody to a separate epitope on the same analyte of interest, creating a 317 

sandwich complex. This immunologically-created sandwich complex is further incubated 318 

with para-magnetic microparticles, coated with streptavidin. The biotin-streptavidin 319 

binding ensures that any captured analyte from the first incubation is further complexed 320 

to the para-magnetic microparticles. The solution is then transferred to the measuring 321 

cell of the COBAS platform, where the para-magnetic microparticles are subjected to a 322 

magnetic field and immobilised. ProCell M™ (Phosphate buffered solution containing 323 

tripropylamine (TPA) at 180 mmol/L and a small concentration of detergent (<0.1%)) is 324 

then flushed through the measuring cell, removing any unbound compounds and 325 

providing the reaction environment with the co-reactant (TPA) required for the 326 

excitation/relaxation to occur when an electrical potential difference (voltage) is 327 

applied. The wavelength of the photon emitted as the [Ru(bpy)3]2+ decays to its lower-328 

level state is around 620 nm and this emission is detected by a photomultiplier. The 329 

intensity of the emission is directly proportional to the concentration of the analyte of 330 

interest in the original sample, and is quantified by comparing to a two-point calibration 331 

curve, generated prior to analysis. Assay performance is assessed by analysing quality 332 

control (QC) materials with known target concentrations of analyte, with acceptable 333 

performance being determined by whether or not the concentration obtained falls 334 

within pre-defined range from the target concentration (±2 standard deviations (SD) 335 

from the mean). 336 

 

The COBAS serum P1NP ECLIA utilises monoclonal mouse antibodies raised 337 

against P1NP to detect both the trimeric and monomeric fractions of P1NP present in 338 
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blood and is therefore called Total P1NP.  The COBAS serum β‑CrossLaps ECLIA is 339 

specific for crosslinked β-isomerized type 1 collagen fragments, independent of the 340 

nature of the crosslink (e.g. pyrrole, pyridinolines etc) (Te Koppele, 1998). The assay 341 

specificity is guaranteed by using two monoclonal antibodies against the linear β‑8 342 

amino acid octapeptides (EKAHD-β-GGR) epitope. The COBAS ECLIA β‑CrossLaps serum 343 

assay therefore quantifies all type 1 collagen degradation fragments that contain two of 344 

the β-isomerized octapeptide (Rosenquist et al., 1998, Christgau et al., 1998).  345 

 

Spectrophotometry 346 

 Spectrophotometry is one of the most widely used techniques employed in 347 

biochemistry and molecular biology, measuring the absorption of light in the visible and 348 

ultraviolet regions of the spectrum. Two fundamental principles govern the light 349 

absorption of a solution. Firstly, the absorption of light passing through a solution is 350 

exponentially related to the number of molecules of the absorbing solute (i.e. the solute 351 

concentration), and secondly the absorption of light passing through a solution is 352 

exponentially related to the length of the absorbing solution. Spectrophotometry applies 353 

the Beer-Lambert Law which is a combination of these two principles and states that the 354 

relationship between the concentration and the absorbance of a solution is linear, 355 

enabling the concentration of the solution to be calculated by measuring its absorbance. 356 

In its simplest form, the equation defining the Beer-Lambert law is 𝐴 =  𝜀𝑐𝑙, where 𝐴 = 357 

absorbance, 𝜀 = absorption coefficient, 𝑐 = concentration of the analyte of interest and 𝑙 358 

= the length of the light path through the sample being analysed (Atkins and De Paula, 359 

2006). 360 
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Haematocrit Determination 361 

Conventional methods to measure the HCT include Wintrobe tubes, where whole 362 

blood is centrifuged or allowed to sediment in heparinised, graduated capillary tubes 363 

and the red blood cell fraction directly measured. More recently developed methods are 364 

the automated cytometric methods where calculation of the HCT is achieved by 365 

multiplying the number of red cells by the mean corpuscular volume (MCV) (Billett, 366 

1990). Sysmex (Kobe, Japan) have developed the XN-series automated haematology 367 

analyser that utilises these cytometric methods with various innovations in waveform 368 

transformations and unique digital technology and algorithms to improve full blood 369 

count analysis (Arbiol-Roca et al., 2018, Briggs et al., 2012, Seo et al., 2015) The accepted 370 

reference range for HCT in the UK is 0.40 – 0.50 L/L for men and 0.35 – 0.45 L/L for 371 

women (Osei-Bimpong et al., 2012). However, in addition to gender, there is also 372 

variation between individuals depending on age, physiology (such as disease state, 373 

pregnancy or high-altitude training), and season can also have an effect (Thirup, 2003). 374 
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Scientific Rationale & Outline of Project Objectives  375 

Microsampling has received increased attention in recent years, with articles 376 

returned by searching “microsampling” on PubMed rising from 5 in 2003 to 58 in 2019. 377 

Currently, searching “microsampling AND bone markers” returns zero results. The 378 

COBAS 6000 e601 module (Roche Diagnostics GmbH, Mannheim, Germany) uses 50 µL 379 

of sample to analyse β‑CTX and 20 µL to determine total P1NP. This provides the 380 

opportunity to investigate whether a microsample could be used instead of a 381 

conventional plasma sample to assess an individual’s β‑CTX & total P1NP 382 

concentrations. The project undertaken was to evaluate MitraTM VAMS devices as a 383 

blood sample collection method for subsequent quantification of -CTX and total P1NP 384 

as microsampling has a number of advantages over conventional venepuncture, as set 385 

out previously in Chapter 1. 386 

 

To assess the -CTX and total P1NP concentrations in a VAMS sample, and 387 

convert those to clinically meaningful values, the haematocrit (HCT) of the sample also 388 

needs to be determined, to calculate the original plasma content of the same volume of 389 

a matched conventional whole blood sample. Any calculation of -CTX and total P1NP 390 

would have to take this HCT value into consideration, as the higher the HCT, the lower 391 

proportion of plasma in a sample meaning the -CTX and total P1NP concentrations 392 

obtained would be commensurately reduced.  393 

 

Overcoming the disparity between the volume of sample collected (20 μL) and 394 

the volume required for analysis (120 μL (50 μL for β-CTX + 20 μL for total P1NP + 50 μL 395 
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dead volume)) necessitates a dilution which, in turn, presents the issue of conceivably 396 

decreasing the measurable concentration to below the detection limits for the assay. 397 

The lower limits of detection for β‑CTX & total P1NP are 0.010 μg/L and 5.00 μg/L, 398 

which are around 3% and 13% of the average expected values respectively (Roche 399 

Diagnostics, 2019, Roche Diagnostics, 2020), suggesting dilutions of up to 1:30 for β‑CTX 400 

and 1:7 for total P1NP could be successfully employed during extraction for subjects in 401 

the normal range. However, these would need to be revised for individuals with 402 

suspected lower concentrations of β‑CTX and total P1NP, and assessed more thoroughly 403 

due to the already reduced plasma content of a VAMS sample as a result of the HCT. 404 

Another challenge will be the possible effects desiccation has on the stability of β-CTX 405 

and total P1NP. If the collagen products denature further upon drying, then the 406 

specificity of the assays will inevitably be reduced. 407 

 

Therefore, the objectives of the project were three-fold: 408 

1. To optimise extraction of β-CTX & total P1NP from whole blood samples 409 

collected by the MitraTM VAMS system, and to quantify their concentrations 410 

using ECLIA.  411 

2. To determine HCT from dried blood samples collected by VAMS using 412 

spectrophotometry. 413 

3. To generate an algorithm for the conversion of whole blood β-CTX & total 414 

P1NP concentrations into plasma-equivalent (and therefore clinically 415 

relevant) β-CTX & total P1NP concentrations based on the VAMS-obtained 416 

concentration and HCT value.  417 
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Methods 418 

Residual K3-EDTA whole blood samples collected by venepuncture from routine 419 

analysis at the Norfolk & Norwich University Hospital (NNUH) Department of Laboratory 420 

Medicine were used for the optimisation of extraction of β-CTX & total P1NP from whole 421 

blood collected by MitraTM VAMS system (Objective 1) and validation of the 422 

spectrophotometric measurement of HCT (Objective 2). All samples were anonymised at 423 

point of access and processed in accordance with generic ethical approval for assay 424 

development (UK Department of Health, 2011). To accomplish Objective 3, samples 425 

would be provided by the ADAPT (LongReach) study in conjunction with the Ministry of 426 

Defence (MoD) in accordance with ethics review reference 931/MODREC/18 427 

 

MitraTM VAMS in the ‘butterfly’ cartridge format collect two matched 428 

microsamples. I initially proposed to use one of these to assess β-CTX & total P1NP 429 

concentration, and the other to determine HCT however, as explained in more detail 430 

below, this protocol was changed due to insufficiencies in suitable equipment at the 431 

MoD sampling centre.  432 

 

Total P1NP & -CTX Determination from Dried VAMS 433 

I proposed to extract β-CTX & total P1NP from whole blood samples collected by 434 

the MitraTM VAMS system, and to quantify their concentrations using electro-435 

chemiluminescent immunoassay (ECLIA) technology on the e601 module of a COBAS 436 

6000 platform. This technology has been validated for serum/plasma β-CTX & total P1NP 437 

concentrations, necessitating the conversion of whole blood (VAMS) concentrations to 438 
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plasma equivalent concentrations. For this novel microsampling and extraction 439 

technique to be useful in the clinical/research setting, whole blood β-CTX & total P1NP 440 

concentrations need to be converted into clinically relevant values, otherwise normal 441 

reference intervals would need to be defined for this sampling technique, which would 442 

require a much larger number of samples, across all population characteristics to 443 

achieve. I hypothesised that whole blood concentrations from VAMS samples would be 444 

significantly lower than plasma concentrations due to the presence of cellular material 445 

(predominantly erythrocytes) in a whole blood sample.  446 

 

Given the majority of cellular material in whole blood consists of the volume of 447 

erythrocytes (i.e. HCT), which varies between individuals depending on several factors 448 

(Thirup, 2003), this proposal also included a method of estimating HCT from dried blood 449 

samples collected by VAMS, in order to accurately and precisely determine the plasma 450 

equivalent β-CTX & total P1NP concentrations. The average HCT is around 45% for males 451 

and 40% for females (Osei-Bimpong et al., 2012). The expected β‑CTX & total P1NP 452 

concentrations in healthy individuals are shown below in Table 2. 453 

 

β-CTX & total P1NP concentrations would be determined by first rehydrating the 454 

dried VAMS sample to reflect the physiological state and volume of the original whole 455 

blood sample. The analytes would then need to be extracted off the absorbent tip of the 456 

VAMS device before analysis by ECLIA on the COBAS platform. However, considerations 457 

in the extraction method include the requirement for sufficient volume for the COBAS 458 

technology to adequately pipette the sample twice (once for each analyte), without 459 

diluting the sample beyond the lower technical limits of both detection and 460 
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quantification, and for there to be no interference with the biochemistry of the ECLIA 461 

technology from the extraction medium. To address the latter consideration, a 462 

proprietary sample diluent routinely used on the COBAS was selected as the preferred 463 

extraction medium. As explained earlier, the minimum total volume required for analysis 464 

would be 120 μL; 50 μL for β-CTX, 20 μL for total P1NP and 50 μL for the dead volume. 465 

Therefore, adding 120 μL of sample diluent to the dried sample would simultaneously 466 

reconstitute the sample and provide sufficient volume for analysis.  Once this extraction 467 

was optimised (see Preliminary Work, below), results obtained from the conventional 468 

plasma samples from the MoD cohort were statistically compared with matched VAMS 469 

values from the same cohort to generate an algorithm allowing laboratory staff, 470 

researchers, clinical biochemists and/or clinicians to mathematically transform VAMS β-471 

CTX & total P1NP results to plasma β-CTX & total P1NP results, negating the necessity to 472 

redefine reference intervals when using this sampling technique and fulfilling Objective 473 

3. 474 

β‑CTX N Mean 
(ng/mL) 

SD 
(ng/mL) 

 Total P1NP N Mean 
(ng/mL) 

Range  
(5th – 95th 

percentile) 

Men Men (Jenkins et 
al., 2013) 

1143 47.50 15.00-80.00 

30-50 years 165 0.300 0.142 Women 

50-70 years 109 0.304 0.200 Premenopausal 129 30.10 15.13-58.59 

>70 years 365 0.394 0.230 Postmenopausal 
(on HRT) 

154 31.74 14.28-58.92 
Women 

Premenopausal 254 0.299 0.137 Postmenopausal 
(no HRT) 

290 45.05 20.25-76.31 
Postmenopausal 429 0.556 0.226 

Table 2. Expected β‑CTX & total P1NP concentrations in healthy individuals (Adapted 475 
from COBAS pack inserts (Roche Diagnostics, 2020, Roche Diagnostics, 2019), except 476 
(Jenkins et al., 2013)) 477 
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Preliminary Work 478 

Initial experiments to determine β-CTX and total P1NP from a dried Mitra™ 479 

VAMS device used a proprietary diluent from Roche Diagnostics (Universal Diluent) to 480 

reconstitute the dried blood sample before analysis on the COBAS platform. The 481 

proprietary diluent was used to minimise interferences with the biochemistry of the 482 

assay. For β-CTX and total P1NP measurement from whole blood, the dried tip was 483 

placed into a 200 μL Eppendorf tube with 120 μL of the Universal Diluent. This 484 

represents a 1:5 dilution – 20 μL to replace the liquid lost through desiccation and an 485 

additional 100 μL to ensure sufficient volume for the COBAS platform to pipette the 486 

sample. The Eppendorf was agitated at 1400 rpm at 25oC for 30 minutes to ensure 487 

complete reconstitution before being analysed for β-CTX and total P1NP as per standard 488 

protocols. 489 

The β-CTX results obtained from these initial experiments were confounding as 490 

the concentrations measured were consistently the same (~0.74 µg/L) across all QC 491 

materials and samples, regardless of the matched plasma/QC material result. This 492 

suggested there was an interfering factor within the diluent. This was tested and proved 493 

to be the case, as when the neat diluent was assayed, it delivered a β-CTX concentration 494 

of 0.70 µg/L. The diluent was replaced by another proprietary diluent from Roche 495 

Diagnostics (MultiAssay Diluent) which was tested as a blank and returned an 496 

undetectable result for both β-CTX and total P1NP.  497 

This approach produced satisfactory results as a proof of concept design, 498 

however, deviations from expected results were deemed to be due to the red blood cell 499 

content of the resulting solution interfering with the assay. It is not advised to run 500 

haemolysed samples for β-CTX or total P1NP as haemoglobin interferes with the assays 501 
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(Roche Diagnostics, 2020, Roche Diagnostics, 2019). It is worth noting that haemolysis 502 

does not interfere with certain analytes, such as the ones mentioned in Chapter 1 503 

(Denniff and Spooner, 2014, Denniff et al., 2015, Parker et al., 2015, Mercolini et al., 504 

2016, Kip et al., 2017).  It was also noted that the MitraTM tip retained a pink hue, 505 

suggesting that some material had remained inside the capillary network of the tip, 506 

which could conceivably be a source of variability within any results. Further 507 

experiments were carried out with a modified extraction technique, namely, the wet tip 508 

was placed into a spin column including a filter (Bio-Rad, UK) with 120 μL of the 509 

MultiAssay Diluent, followed by agitation at 1400 rpm at 25oC for 30 minutes to ensure 510 

the sample had been extracted from the tip thoroughly. The spin column with the 511 

bottom snapped off was then placed into a collection tube and centrifuged at 15000 512 

rpm for 5 minutes at room temperature. This separated the red cell material allowing 513 

the supernatant to be carefully removed and analysed. This extraction technique also 514 

left the MitraTM tip without the pink hue previously observed, suggesting all the material 515 

had been removed from the tip, minimising this as a potential source of pre-analytical 516 

variability within the results (Figure 2).  517 

A     B   

Figure 2. MitraTM tips post-extraction. (A) example of tip when initial sample allowed to 518 
dry (showing pink hue); (B) example of tip when initial sample not allowed to dry (pink 519 
hue absent). 520 
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These experiments yielded very encouraging data for β-CTX, however, many of 521 

the samples analysed for total P1NP returned results that were undetectable. It was 522 

reasoned that the 1:5 dilution of the sample was too high for accurate determination of 523 

total P1NP. This led to dilution experiments being performed to assess the linearity of 524 

dilution for both β-CTX and total P1NP, where high calibrators and two levels of QC 525 

material (PreciControl Varia 1 (PCV1) & PreciControl Varia 2 (PCV2)) were serially diluted 526 

using MultiAssay Diluent before analysis. The results of these dilution experiments are 527 

shown in Figure 4 in Chapter 3. 528 

 

Haematocrit Determination 529 

To address the second objective of the project, spectrophotometry was used to 530 

estimate HCT. A standard curve was created from a whole blood sample with known 531 

HCT; diluting this known sample appropriately gave a standard curve from which an 532 

unknown blood sample’s HCT could be determined. HCT determination allowed the 533 

plasma proportion of that sample to be calculated, as the VAMS device absorbs a fixed 534 

volume of blood. This was intended to be used to back-calculate the β-CTX & total P1NP 535 

concentrations from a VAMS sample to a plasma equivalent value, which would 536 

correspond to established reference ranges for these analytes.  537 

 

Calibration curves for HCT with relevant working ranges were consistently 538 

generated by taking a conventional K3-EDTA whole blood sample with known volume 539 

and HCT measured by standard analytical methods, centrifuging at 4200 rpm for 5 540 

minutes at room temperature and then removing and discarding the resultant plasma 541 
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equivalent to half the original sample volume. This sample is then re-homogenised on an 542 

end-over-end rotary mixer set at 20 rpm for 5 minutes at room temperature, resulting in 543 

a whole blood sample with a haematocrit double that of the original sample (Figure 3).  544 

 545 

Figure 3. Method for preparing top standard for HCT determination. 546 
 

This sample is absorbed onto a Mitra™ VAMS device and allowed to dry for a 547 

minimum of two hours, as per the manufacturer’s instructions for use. The absorbent tip 548 

is removed from the device, placed in a 1.5 mL Eppendorf tube and 500 µL haemolysing 549 

reagent (A. Menarini, UK) added. The sample is agitated on an orbital microtube shaker 550 

at 1400 rpm for 30 minutes at 25C. The resulting solution serves as the top standard for 551 

the calibration curve and is diluted appropriately with the haemolysing reagent to create 552 

the other four standards, with the haemolysing reagent acting as the zero standard, 553 

generating a 6 point calibration curve, as shown in Results Chapter, Figure 5. Test 554 

samples and quality control (QC) materials (Randox Biosciences, UK) are processed in 555 

the same manner, without the subsequent dilution. Fifty microlitres of each standard, 556 

QC and test sample are pipetted into a designated position of a 384-well microplate and 557 

read at 576 nm on a Thermo MultiSkan (Thermo Scientific, UK). This wavelength 558 

represents the wavelength at which maximum absorbance (max) occurs in such 559 

solutions, as determined by a previous spectral analysis of 25 different samples with a 560 

range of haematocrit values prepared in this way (data on file). The calibration curve is 561 
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generated by plotting the HCT of the standards (values based on the HCT of the top 562 

standard and subsequent dilutions) on the abscissa against the optical density (OD) 563 

obtained on the ordinate axis. A line of best fit is determined by the MultiSkan software 564 

and the HCT of each QC and test sample is determined by direct interpolation of this 565 

calibration curve. The results generated by spectrophotometry were then compared 566 

against results obtained by routine full blood count analysis at NNUH on the Sysmex 567 

haematology analyser. 568 

 

A total of 106 test samples were assessed to validate this protocol, with the 569 

results shown in Figure 6. The total allowable error between analytical methods for 570 

haematocrit has been defined as ± 6% by the Clinical Laboratories Improvement 571 

Amendments 1988 (CLIA ’88) guidelines and by the American Association of Bioanalysts 572 

(AAB) (Innovations).  573 

 

Application of the theory – ADAPT Study 574 

To address the third objective of the project, the ADAPT (LongReach) study, in 575 

association with the Ministry of Defence (MoD), involved taking VAMS samples 576 

concurrently with conventional whole blood and plasma samples from subjects 577 

undergoing a five day intensive military training exercise. VAMS and conventional 578 

plasma samples from these subjects were to be taken at baseline (before the military 579 

exercise), at day 5 on completion of the military exercise, and after a 3-day period of 580 

recovery (day 8). Baseline whole blood samples were also collected for full blood count 581 

analysis. β‑CTX & total P1NP concentrations assessed according to standard protocols in 582 
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the matched plasma samples would provide the results for comparison with results 583 

obtained from the VAMS samples.  584 

 

However, limitations in the appropriate equipment at the sampling centre (no 585 

agitator) meant that the method of agitating the VAMS tip with the MultiAssay Diluent 586 

before centrifuging was not possible. Instead, it was decided that six VAMS tips collected 587 

from each individual (equivalent to 120 μL whole blood) would be collected in one spin 588 

column at each time-point and these would be centrifuged, the filtrate aliquotted into a 589 

separate tube before being frozen and sent to the laboratory for analysis.  590 

 

For the baseline samples only, 250 μL haemolysing reagent was added to the 591 

remaining red blood cells for spectrophotometric HCT analysis. Only baseline samples 592 

were collected for HCT analysis as within 8 days HCT does not vary significantly in 593 

healthy individuals. This HCT was to be applied in any subsequent calculation of plasma 594 

equivalent values, regardless of the time-point at which the microsample was collected. 595 

 

The extraction from six tips was tested prior to commencement of the study 596 

using residual K3-EDTA whole blood samples from routine analysis at the NNUH 597 

Department of Laboratory Medicine and yielded clear plasma from the centrifuged 598 

sample. It is worth noting that samples extracted in this way are similar to conventional 599 

venepuncture samples as the cellular material in the sample has been removed before 600 

analysis, and assuming there is no other interference in the biochemistry of analysis, 601 

results obtained from these samples would only require a simple dilution factor to be 602 
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applied in order to determine the true analyte concentrations, without the need to 603 

assess the HCT.   604 

 

In practice however, the capillary blood collected from the MoD cohort had no 605 

anticoagulant present, and subsequently began to clot almost immediately upon 606 

sampling and contact with air. When these were centrifuged, it was observed that the 607 

serum collected was grossly haemolysed. It is postulated that upon clotting, there was 608 

an irreversible interaction between the erythrocyte cell walls and the polymer of the 609 

sampling device meaning that when the tips underwent centrifugation post-collection, 610 

the erythrocytes experienced catastrophic physical disruption, resulting in the 611 

haemolysis observed. It was decided that as the samples contained red cell material that 612 

the HCT would indeed need to be taken into consideration in order to convert the β-CTX 613 

and total P1NP concentrations to plasma equivalent values. 614 

 

On receipt of the aliquotted VAMS samples from the MoD study, 120 μL 615 

MultiAssay diluent was added and the sample vortexed. The resulting solution was then 616 

centrifuged at 15000 rpm, for 5 minutes and pipetted into COBAS micro-cups and 617 

centrifuged again at 15000 rpm for 5 minutes at room temperature to spin down any 618 

sample that may have adhered to the side walls of the COBAS micro-cup, to minimise 619 

any cellular material that may be suspended in the sample as a result of the erythrocyte 620 

disruption upon collection/pipetting and also to remove air bubbles. These steps aimed 621 

to decrease the likelihood of sample aspiration errors (either short sampling or clot 622 

detection) by the COBAS 6000 automated platform. The conventional venous K3-EDTA 623 

plasma samples were analysed for β-CTX and total P1NP in the established manner for 624 
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routine sample processing. The results generated from the VAMS protocol were then 625 

compared with the results from the corresponding conventional sample for each subject 626 

and time-point. 627 

 

Calculation of Plasma Equivalent Values (PEV) from Whole Blood Samples 628 

For this project, the plasma proportion of a whole blood sample is assumed to be 629 

equal to one minus the haematocrit value (Equation 1). It is also assumed that β-CTX and 630 

P1NP do not enter the erythrocytes, so the expected whole blood analyte concentration 631 

can therefore be deduced as the analyte concentration in a conventional venous plasma 632 

sample multiplied by the plasma proportion of the whole blood sample (Equation 2). 633 

Therefore, a plasma equivalent value (PEV) can be derived from an observed whole 634 

blood analyte concentration by effectively rearranging Equation 2 and dividing the 635 

observed whole blood analyte concentration by the plasma proportion (Equation 3): 636 

𝑃𝑙𝑎𝑠𝑚𝑎 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 = 1 − 𝐻𝐶𝑇       (Equation 1)  637 

 

𝑊𝐵[𝑎𝑛𝑎𝑙𝑦𝑡𝑒]𝐸𝑥𝑝𝑒𝑐𝑡𝑒𝑑 = 𝑃𝑙𝑎𝑠𝑚𝑎[𝑎𝑛𝑎𝑙𝑦𝑡𝑒]𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 × (1 − 𝐻𝐶𝑇) (Equation 2)  638 

 

𝑃𝑙𝑎𝑠𝑚𝑎[𝑎𝑛𝑎𝑙𝑦𝑡𝑒]𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =  
𝑊𝐵[𝑎𝑛𝑎𝑙𝑦𝑡𝑒]𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑

(1−𝐻𝐶𝑇)
    (Equation 3) 639 

 

𝑃𝑙𝑎𝑠𝑚𝑎 𝑣𝑜𝑙𝑢𝑚𝑒𝐴𝐷𝐴𝑃𝑇 𝑉𝐴𝑀𝑆 = 6 𝑡𝑖𝑝𝑠 × 20𝜇𝐿 × (1 − 𝐻𝐶𝑇)  (Equation 4) 640 
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To compensate for the red blood cell debris and intracellular volume in the 641 

samples from the MoD study, it was recognised that for these samples an additional 642 

calculation would be required to determine the dilution factor generated by addition of 643 

the fixed volume of diluent to each sample. Individual dilution factors would be 644 

therefore calculated for each sample based on the HCT as determined by the baseline 645 

full blood counts measured on the Sysmex platform and the initial volume of whole 646 

blood collected.  The calculation of the dilution factor used is therefore a modification of 647 

Equation 1 which also takes into consideration the original sample volume collected by 648 

VAMS for the ADAPT Study (Equation 4). 649 

 

Results generated from the matched plasma samples analysed in the 650 

conventional manner according to standard protocols were then statistically compared 651 

with the calculated plasma equivalent values. Linear regression analysis was performed 652 

to calculate the Pearson’s correlation coefficient (R) and coefficient of determination 653 

(R2), the slope of the line of best fit, and the intercept of this line. Bland-Altman analysis 654 

was also performed to estimate the bias between the two methods, and to determine 655 

whether that bias was concentration dependent. 656 
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Linearity of Dilution – β-CTX and Total P1NP  658 

Since the comparison between VAMS samples and conventional samples require 659 

dilution, the linearity of dilution for β-CTX and P1NP were assessed before any other 660 

analysis. It was found that β-CTX dilutes in a linear manner, with coefficient of 661 

determination (R2) values ranging from 0.9955 to 0.9992 (Fig 4 A-C). However, based on 662 

dilutions of the high calibrator and QC materials, there appears to be a curvilinear 663 

dilution profile for total P1NP, with R2 values varying from 0.9828 to 0.9951 (Fig 4 D-F). 664 

Even though these R2 values are acceptable, it was postulated that there may be some 665 

type of matrix effect of the calibration material from the manufacturing process 666 

interfering with the assay and consequently affecting the dilution linearity, so in addition 667 

plasma samples were serially diluted to evaluate this, returning an R2 value of 0.9951 668 

(Fig 4G). Based on the dilution profile and the R2 value for the total P1NP samples 669 

assessed, it was concluded that plasma samples do dilute in a more linear manner than 670 

the calibrators and QC materials, and therefore the method could still be applied for 671 

total P1NP. It is worth noting there are fewer points on the total P1NP dilution curve for 672 

PCV1 (Fig 4E), reflecting the lower limit of detection (5 μg/L) for total P1NP, where 673 

higher dilutions returned concentrations below the lower limit of quantification.  674 
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 681 

Figure 4. Linearity of Dilution for β-CTX in (A) high calibrator, (B) PreciControl Varia 1 682 
(PCV1) (low QC), (C) PreciControl Varia 2 (PCV2) (high QC), and for total P1NP in (D) high 683 
calibrator, (E) PCV1, (F) PCV2 and (G) plasma samples. Red dotted line denotes identity, 684 
blue dotted line denotes linear trend line for data points. 685 

Haematocrit 686 

Standard curves were generated as described above and schematically in Figure 687 

3. A typical standard curve is shown in Figure 5. The standard curve was linear, over the 688 

physiological range. Whilst acceptable calibration curves could be generated, when the 689 

extraction and analytical method is applied to practical samples prepared from EDTA 690 

whole blood obtained by venepuncture (n = 106), 40.6% of results fall outside the 691 

criteria for acceptable error in this evaluation (Figure 6).  692 
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 693 

Figure 5. Typical standard curve prepared as in Fig. 3, R2=0.9999. 694 

 

Regression analysis of the HCT validation samples shows a Pearson’s correlation 695 

coefficient (R) of 0.8716 and a coefficient of determination (R2) of 0.7597, with the 696 

gradient of the line of best fit being 1.003 and the intercept 0.0045 (Fig 6). Bland-Altman 697 

(Bland and Altman, 1986) analysis of the HCT reveals there is an average bias of +1.4% 698 

between the two sampling methods (Fig. 7A), which equates to an absolute bias of 699 

+0.0065 L/L (Fig. 7B). Whilst this regression analysis and bias initially appear to be 700 

acceptable, these interpretations should be taken with caution, as the variability of the 701 

percentage differences is large, ranging from -18% to +28.4%, outside the CLIA ’88 and 702 

AAB total allowable error between methods of 6% (Data Innovations, Online). 703 

 

As only around 60% of the HCT results obtained using this protocol were within 704 

acceptable limits it was decided that HCT values generated from the spectrophotometric 705 

method described herein were invalid and that the HCT values obtained from standard 706 
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analysis by the Sysmex platform should be employed when calculating plasma 707 

equivalent values for β-CTX and total P1NP. 708 

 709 
Figure 6. HCT Comparison. Comparison between conventional HCT determination by 710 
Sysmex versus spectrophotometry, n=106. Red dotted line specifies identity, black 711 
dotted line denotes linear trend line for data points (equation at bottom right corner) 712 
and green solid lines represent 6% deviation from identity (total allowable error 713 
between methods as defined by CLIA ’88/AAB) (Data Innovations, Online). R2=coefficient 714 
of determination. 715 
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 717 
Figure 7. Bland-Altman plots for HCT comparison showing (A) percentage difference 
between conventional sampling and VAMS sampling and (B) absolute difference 
between both sampling methods. Green dotted line denotes average bias between the 
two methods, grey dotted line represents zero bias and red dotted lines indicate ±1.96 
SD limits. 
 

 Application of the theory – ADAPT Study 718 

The baseline VAMS and plasma samples were analysed first (n=44). For total 719 

P1NP only 2 out of 44 (4.5%) VAMS samples yielded results, 11 out of 44 (25%) were 720 

undetectable (<5 μg/L) and the remainder (70.5%) did not return a result at all. Whilst it 721 

was not quantified for each sample due to the low sample volume, the haemolysis 722 

observed will have affected the quality of any result obtained for total P1NP as a 723 

haemoglobin content greater than 0.1 g/dL will cause interference in the assay (Roche 724 

Diagnostics, 2019). The other reason for the lack of data is sampling errors on the 725 

COBAS, where either the sample volume was insufficient for analysis, or other aspiration 726 

errors, such as clot detection, occurred. Unfortunately, where any aspiration error 727 

occurs, the COBAS discards the conductive tip with any sample it has achieved to 728 

aspirate, meaning there was subsequently insufficient sample for a repeat attempt. 729 

 

Bias

+1.96SD

-1.96SD

Zero bias

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

A
b

so
lu

te
 d

if
fe

re
n

ce
 b

et
w

ee
n

 
m

et
h

o
d

s 
(L

/L
)

Mean HCT of both methods (L/L)

B



  P a g e  | 47 
 

More acceptable results were obtained from the comparison between β-CTX 730 

results from VAMS samples versus conventional plasma samples (Figure 8A). Whilst each 731 

VAMS sample obviously had the same concentration of haemoglobin for both total P1NP 732 

and β-CTX analyses, β-CTX assay is unaffected by haemolysis up to a haemoglobin 733 

concentration of 0.5 g/dL, i.e. five times as much as for the total P1NP assay (Roche 734 

Diagnostics, 2020). The PEV calculated for β-CTX was based on the HCT assessed on the 735 

baseline whole blood samples analysed at the NNUH, and not determined by the 736 

spectrophotometric method described herein due to this method being invalid. The 737 

PEVs for 15 out of the 43 baseline samples measured (34.9%) were within the total 738 

allowable error limits (± 14.1%) for methods of β-CTX determination, as defined by the 739 

2004 update of the Spanish Society of Clinical Chemistry and Molecular Pathology 740 

(SEQC)) (Data Innovations, Online).  741 

 

Regression analysis of the baseline samples shows that the Pearson’s coefficient 742 

of correlation (R) was 0.8469. Only a minority of the plasma equivalent values were 743 

within acceptable error limits and the correlation is below pre-defined acceptance 744 

criteria of R2 > 0.90. This is most likely due to the differing degrees of haemolysis within 745 

each sample prepared in this way, attributable to the differing lengths of time between 746 

sampling and extraction, and therefore drying times experienced by each of the six 747 

VAMS devices for each subject. Whilst the β-CTX results were inadequate based on both 748 

the coefficient of correlation and the percentage of results within the acceptable limits, 749 

the linear trend-line did fall within acceptable limits over the range of expected 750 

concentrations of β-CTX. The slope of the trend-line was 1.1523 and the intercept was -751 

0.0435. Based on these results, the decision was made to analyse the remainder of the 752 
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VAMS samples (total n = 129) for β-CTX only and not for total P1NP, primarily on the 753 

basis of considering the cost of the reagents versus the high likelihood of a poor return 754 

of results, if any for total P1NP.  755 

Regression analysis for the post-exercise sample results shows a Pearson’s 756 

correlation coefficient (R) of 0.9361 and a coefficient of determination (R2) of 0.8763, 757 

with a slope of 1.0727 and an intercept of 0.0065 (Fig 8B). Analysis of the recovery 758 

sample results shows an R value of 0.9102 and an R2 value of 0.8284, with a slope of 759 

1.1371 and an intercept of -0.0463 (Fig 8C). Performing the regression analysis on the 760 

results from all time-points gives an overall R value of 0.9000 and an R2 of 0.8101, with a 761 

slope of 1.115 and an intercept of -0.0233 (Fig 8D). Bland-Altman analysis (Bland and 762 

Altman, 1986) reveals that for all samples there is an average bias of +7.7% between the 763 

two sampling methods (Fig. 9A), which equates to an absolute bias of +0.05 μg/L (Fig. 764 

9B). These interpretations should be taken with caution, as the spread of the percentage 765 

and absolute differences is large, ranging from -60.1% to +68% and -0.47 μg/L to +0.56 766 

μg/L respectively. 767 

Reproducibility 768 

 To assess the reproducibility of VAMS as a collection method for the assessment 769 

of bone turnover markers, PCV1 and PCV2 were wicked onto ten 20 L MitraTM tips 770 

each, not allowed to dry, and extracted with 80 L MultiAssay Diluent. This represented 771 

a 1:5 dilution. Ideally, this experiment would have been done using whole blood (matrix-772 

matched) QC materials, but as this does not exist for bone markers, the decision was 773 

taken to utilise the proprietary QC material. As it had been decided that this collection 774 

method in its current form was unsuitable for total P1NP measurement, only -CTX was 775 
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assessed in the precision analysis. The precision data, along with target means and 776 

standard deviations (SD) is shown in Table 3. 777 

PC V1 (n=10)  PC V2 (n=10) 

 
Measured 

[-CTX] 

(g/L) 

Calculated 

[-CTX] 

(g/L) 

Target 

[-CTX] 

(g/L) 

  
Measured 

[-CTX] 

(g/L) 

Calculated 

[-CTX] 

(g/L) 

Target 

[-CTX] 

(g/L) 

Mean 0.057 0.287 0.280  Mean 0.129 0.644 0.650 

SD 0.003 0.016 0.030  SD 0.008 0.038 0.060 

CV% 5.53 5.53   CV% 5.84 5.84  

Table 3. Precision data for PCV1 and PCV2. 778 
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 782 

Figure 8. -CTX comparison. Comparison between conventional plasma β-CTX 783 
concentrations and calculated plasma equivalent values using established HCT 784 
measurement (n = 43). (A) Baseline samples, (B) Post exercise samples, (C) Recovery 785 
samples and (D) all samples. Red dashed line specifies identity, black dotted line denotes 786 
linear trend-line for data points (equation at bottom right corner) and green solid lines 787 
represent 14.1% deviation from identity (total allowable error between methods as 788 
defined by the 2004 update of the Spanish Society of Clinical Chemistry and Molecular 789 
Pathology (SEQC)) (Data Innovations, Online). R2=coefficient of determination. 790 
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 792 

Figure 9. Bland-Altman plots for all samples showing (A) percentage difference between 793 

conventional sampling and VAMS sampling and (B) absolute difference between both 794 

sampling methods. Green dotted line denotes average bias between the two methods, 795 

grey dotted line represents zero bias and red dotted lines indicate ±1.96 SD limits. 796 

 

Impact of adjusting for HCT 797 

 Given the complications surrounding the determination of HCT from the VAMS 798 

samples in this work, the decision was made to also make direct comparisons between 799 

the results from VAMS samples and conventional plasma samples, without correcting for 800 

HCT. The rationale for this was to remove any potential variability introduced by the 801 

mathematical correction, as any analytical variability in the HCT determination and 802 

subsequent transformation would be added to the existing variability in the 803 

measurements (such as pre-analytical and biological variability). Whilst there would be 804 

an expected bias, it was decided direct comparison was still deemed necessary in order 805 

to establish whether the underlying relationship between results obtained from VAMS 806 

and conventional sampling was any different without HCT adjustment.  807 

 The results of the data analysis without adjusting for HCT can be seen in Figure 808 

10. Linear regression (Figure 10A) shows a marginally stronger correlation coefficient (R2 809 
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= 0.83 compared with R2 = 0.8101 for HCT adjusted) and clearly demonstrates upon both 810 

visual inspection, and the equation for the linear trend-line for data points, the expected 811 

negative bias between the two methods of sample collection. This slightly weaker 812 

correlation in the adjusted results is expected due to the added variability introduced 813 

upon adjusting for HCT, as mentioned above. The negative bias is also strongly 814 

highlighted in the Bland-Altman plot in Figure 10B, showing the percentage difference 815 

between the two methods, indicating an overall negative bias in unadjusted -CTX 816 

concentrations from VAMS samples of 78.3%.  817 

Perhaps the most interesting finding is that when the unadjusted absolute 818 

differences between the two collection methods are compared (Figure 10C), there 819 

appears to be a concentration-dependent negative bias, where the negative bias 820 

increases as average -CTX concentration increases. It is deduced that this is due to the 821 

differences in the range of values obtained between the two methods (0.05 – 0.35 g/L 822 

for VAMS and 0.23 – 1.37 g/L for conventional plasma samples), suggesting that as the 823 

mean concentration increases (primarily driven by the plasma result), the difference 824 

between the two values is disproportionately increased.  825 

This demonstrates the importance of adjusting for HCT, as this concentration-826 

dependent negative bias (if using absolute concentrations), and the very large non-827 

concentration-dependent negative bias (if using percentage differences) are mitigated 828 

for (although not entirely eliminated) upon correction for HCT. 829 
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 832 

Figure 10. Data analysis without correcting for HCT. (A) Direct comparison (linear 833 

regression) between plasma and VAMS measurements. Red dotted line indicates 834 

identity, black dotted line denotes linear trend-line for data points (equation at bottom 835 

right corner). Bland-Altman plots for all samples showing (B) percentage difference 836 

between conventional sampling and VAMS sampling. Green dotted line denotes average 837 

bias between the two methods, grey dotted line represents zero bias and red dotted 838 

lines indicate ±1.96 SD limits. (C) absolute difference between both sampling methods.  839 
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 Any potential new weapon in the armoury of researchers and clinicians battling 840 

against the increase in the prevalence of bone and mineral metabolism disorders 841 

associated with the global ageing population should be investigated. Here I have 842 

evaluated whether β-CTX and total P1NP, the most routinely used biomarkers for the 843 

monitoring of bone turnover, can be assessed from samples collected using MitraTM 844 

Volumetric Absorptive Micro Sampling devices.  845 

Whilst the assessment of β-CTX and total P1NP concentrations from 846 

microsamples described herein did not render results acceptable for implementation in 847 

routine use, these methods do show potential. What has been highlighted is the 848 

significance of haemolysis of the microsample on the interference in the assays for both 849 

β-CTX and total P1NP, and therefore the importance of correct handling and preparation 850 

of the samples collected in this way. Had the MoD collection centre had access to the 851 

appropriate equipment (agitator) and had been able to maintain hydration of the 852 

microsamples therefore minimising clotting, I am confident the results would have been 853 

more comparable to conventional plasma samples and this collection method could be 854 

implemented in routine use. Further work is required to demonstrate this with sufficient 855 

samples to be statistically significant.  856 

The analyser sampling errors encountered during total P1NP analysis could be 857 

eliminated by either increasing the number of VAMS tips used so a larger volume of 858 

diluent could be utilised, or collecting two sets of VAMS samples from the subjects, one 859 

each for β-CTX and total P1NP. However, participants reported that taking 6 VAMS 860 

samples was uncomfortable, suggesting there would be a reluctance to increase the 861 

number of finger-pricks. 862 
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The importance of correcting for HCT has been highlighted above. To improve 863 

the HCT assessment, alternative methods for HCT determination include potassium (K+) 864 

elucidation, as K+ is primarily located within red blood cells and concentrations are 865 

tightly controlled physiologically (Capiau et al., 2013, De Kesel et al., 2014), or using a 866 

different surrogate molecule such as haemoglobin (Hb). Noncontact diffuse reflectance 867 

spectroscopy could also be employed (Capiau et al., 2016) to estimate HCT. 868 

To make VAMS a truly at-home sampling method, the samples would need to be 869 

allowed to dry, as the methods described herein require laboratory equipment to 870 

accomplish. In order for this to be achieved, further investigations into eliminating the 871 

irreversible interaction between the erythrocyte cell walls and the polymer of the 872 

sampling device need to be performed, perhaps by examining different anticoagulants 873 

(such as K3-EDTA, lithium-heparin or sodium citrate) impregnated onto the tips prior to 874 

use. Investigation into any interferences from these anticoagulants would be required. It 875 

is worth noting one of the major limitations of the work presented herein, is that the 876 

preliminary work and extraction optimisation was conducted on whole blood samples 877 

containing K3-EDTA, so not reflective of the “real-world” scenario. Having K3-EDTA 878 

present would have prevented coagulation and potentially also the irreversible 879 

interaction between the erythrocytes and the polymer of the MitraTM tips observed in 880 

the ADAPT study. Alternatively, further work could be carried out to explore methods 881 

for keeping the VAMS tip hydrated during transport to the laboratory.  882 

 

 If the further work suggested here is carried out, then VAMS may well be another 883 

armament in the arsenal of clinicians and researchers in the future. 884 
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