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Chapter 1

Introduction

One of the most dramatic changes in my 301 year career

has been the explosion of the field of molecular pathol-

ogy. Technological changes have resulted in the evolution

of a field that basically did not exist 20 years ago, to the

point that it is now a dominant player in both research

and clinical medicine. There are two in situ-based tests:

in situ hybridization and immunohistochemistry. Indeed,

in clinical pathology, many diagnoses are dependent on

performing an in situ-based test. Further, clinicians often

depend on specific in situ-based results to make the defin-

itive decision on how to treat a patient’s disease. For

example, the her-2-neu immunohistochemical test is rou-

tinely done to decide whether a woman’s breast cancer

will show reduced growth if treated with a specific drug

called Herceptin that has minimal side effects, at least rel-

ative to standard chemotherapy.

The critical need for immunohistochemistry and in

situ hybridization tests in the diagnostic and research are-

nas has led to the involvement of major biotechnical com-

panies in this area. Large companies such as Enzo

Biochem, Roche, Ventana Medical Systems, Dako, Leica,

and others offer many products for in situ-based molecu-

lar pathology including automated platforms, and they,

and many other large companies, market reagents for

such tests. This has led to basically all diagnostic and

most research laboratories using these automated in situ

hybridization- and immunohistochemical-based systems. I

can attest that 25 years ago the idea that automated

machines could do in situ hybridization and immunohis-

tochemistry was almost in the realm of science fiction!

As a result of these advances in the field of in situ-

based molecular pathology, many more laboratories are

either using these tests for their diagnostics or research, or

wanting to incorporate them into their work. Hence, the

purpose of this textbook. I hope that this book can make

in situ-based molecular pathology more accessible and

understandable to both the research and diagnostic labora-

tory. I hope to do this by focusing on two key goals: (1)

to explain the theory and foundation of immunohis-

tochemistry and in situ hybridization and (2) to present

simplified protocols that are easy to follow for the

different in situ-based protocols. I also include protocols

for the identification of two or more DNA/RNA/protein

targets in a given tissue.

This textbook has been written assuming a minimal

prior knowledge of the topics of molecular pathology in

general and in situ-based molecular pathology in particu-

lar. The first chapters focus more on the biochemistry of

the processes inherent in any molecular pathology-based

method, including the polymerase chain reaction (PCR)

and hybrid capture solution phase detection of DNA or

RNA, as well as Western blot detection of proteins. The

biochemistry part, though, strongly emphasizes just the

key parts you must understand to be able to “visualize”

what is actually happening inside the intact cell when

doing either immunohistochemistry or in situ hybridiza-

tion. As all such methods, of course, use intact tissue, I

also include a chapter to assist you in being better able to

determine the cell type(s) that contain the target sequence

of interest. Specifically, I include a chapter that is meant

to teach the basics of histopathology to the nonpatholo-

gist. This second edition includes a thorough quiz on the

interpretation of basic histopathology in the Appendix,

which I hope will help the reader with little experience in

this area become more adroit at examining tissue under

the microscope. The second edition also includes two new

chapters. One deals with differentiating signal from back-

ground. In this chapter, one will see that by combining

their knowledge of histopathology with the color-based

changes of the in situ molecular tests, they will rarely

(hopefully, if ever) misinterpret background as signal.

The other new chapter focuses on several major develop-

ments in the fields of in situ hybridization and immuno-

histochemistry that have been described since the first

edition was published. After this basic introduction to

these key topics, we move on to the practical applications

of in situ hybridization, immunohistochemistry, and coex-

pression analyses.

Thus, it is certain that all readers will be able to either

just breeze through or skip certain sections, depending on

your training. It is my strong hope that all readers, after

finishing this book, will not only want to try their hand at
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in situ-based molecular pathology but also have the confi-

dence that they will be able to reason out the best way to

solve the problems that arise when using any such meth-

odologies. The end result, I hope, will be well worth the

effort. For one, the power of the in situ-based molecular

pathology tests is extraordinary. By knowing the cell type

or types that contain the target of interest, you typically

get tremendous insight into the role of the target that sim-

ply cannot be achieved by PCR, Western blots, or any of

the other solution-based methods, as each of the latter

tests requires the pulverization of the tissue as a prerequi-

site to doing the test. Also, with these methods, you can

get the true pleasure of looking under a microscope and

often seeing for the first time data that no one before has

seen, especially when working with novel DNA/RNA or

protein sequences. Thus, we can appreciate the wonder

and excitement of Van Leeuwenhoek when he first exam-

ined microbes under the microscope. The fun and enjoy-

ment of doing this is why I enjoy in situ hybridization

and immunohistochemistry today every bit as much as, if

not more so, when I started 30 years ago!

When I started writing this book, I realized that I had

certain preconceived notions about in situ hybridization

and immunohistochemistry. It seemed that the format of

writing a book in this field was the perfect time to test

such preconceived notions. For example, I had assumed

for my entire career that if I was unable to get a good sig-

nal for either immunohistochemistry or in situ hybridiza-

tion with an older block (usually defined as at least 10

years old), the target DNA/RNA/protein had simply

degraded and that was that. I was trained (and it made

perfect sense) to simply avoid such blocks of tissue, as

they probably were not fixed properly at the time of

biopsy and, more importantly, nothing could be done to

“rejuvenate” the signal. Similarly, I was trained to assume

that any RNA would quickly degrade in the tissue sec-

tions, either from just time-related degradation and/or

RNase activity in the tissue/in situ solutions and, thus, to

only use recently done formalin-fixed biopsies for RNA

in situ hybridization analysis, and to also use strict

“RNase-free” protocols. Although I could give you many

such other examples, let me end with just one more. I was

trained to rely primarily on one method to “expose the

target” when doing in situ hybridization or immunohis-

tochemistry. This method has many names, including

antigen retrieval, cell conditioning, and liquid-based

denaturation. Again, this made perfect sense because it

was well documented that formalin fixation cross-linked

cellular proteins to each other and to RNA/DNA. The

logic went that this extensive cross-linking created many

small pores that needed to be opened for the DNA/RNA

probe or primary antibody and ancillary reagents to enter

the cell and access the target. Of course, this theory

became very popular when antigen retrieval first came on

the scene about 25 years ago, and many proteins that

were otherwise undetectable with immunohistochemistry

became evident. Certainly, I clearly remember the impor-

tance of antigen retrieval to the anatomic pathologist in

breast cancer, as the ER/PR and her-2-neu testing

required this pretreatment to get an accurate idea of the

signals that, in turn, had important implications for the

treatment of the woman.

An important focus of this book is that all the precon-

ceived notions noted in the preceding paragraph, despite

making sense, are simply wrong! Look at Fig. 1.1. This is

the result of in situ hybridization for HPV DNA in a tis-

sue sample over 20 years old. When I first tested the

block in 1992 (just when HPV could be successfully

detected in situ), it produced an intense signal, as seen in

panel A. When I tested the same tissue in 2012, basically

no signal was evident (panel B). Again, I just simply

assumed that the HPV DNA had degraded over time and

probably simply diffused out of the cell. I also assumed

that this block was therefore worthless for any further

FIGURE 1.1 Effect of the tissue block age on the HPV in situ hybridization signal and its “rejuvenation.” Panel A shows the intense signal for HPV

in situ hybridization in this cervical intraepithelial lesion grade 1 (CIN 1) obtained in 1992. Serial section slides were saved for 20 years. In 2012,

when the serial section was tested for the same HPV type (HPV 51), the signal was lost (panel B). However, when another serial section was treated

with a series of reagents meant to regenerate the signal, the intense HPV 51 signal returned and was, thus, rescued (panel C). We discuss in detail the

“regeneration of the signal” concept in subsequent chapters. But, for now, these data show that such aged blocks still can be useful for in situ

hybridization-based research.
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DNA or RNA testing, and probably for any protein testing

by immunohistochemistry as well. But look at panel C.

This is a serial section of the same tissue. I treated the tis-

sue with a “rejuvenating” agent and then did the in situ

hybridization. The signal was beautifully regenerated!

Fig. 1.2 shows the exact same situation for a protein

(cytokeratin AE1/3) in a block of tissue 20 years old.

Fig. 1.3 shows the same result for RNA, in this case,

microRNA-let-7c. Clearly, the idea that DNA, proteins,

and, especially, RNA degrade over time in formalin-fixed

tissue and that this per se precludes their detection by in

situ hybridization or immunohistochemistry is simply

wrong! And, again, this is what I was taught and I cer-

tainly believed for many years.

We spend several of the next chapters on understand-

ing the reason that you can use old tissue blocks and slides

with immunohistochemistry and in situ hybridization and,

by understanding what is happening to the tissues and

macromolecules over time, regenerate the signal and basi-

cally make the tissue not only as good as new but, in most

cases, “better than new.” This leads to a fundamental part

of this book. Recipes (often called cookbook recipes) for

FIGURE 1.2 Effect of the tissue block age on the immunohistochemistry signal and its “rejuvenation.” Panel A shows results of immunohistochem-

istry for two proteins, cytokeratin AE1/3 and CD45, in a skin biopsy of a patient with nonspecific dermatitis. The biopsy was done in 2003, and serial

sections saved for the last 9 years. Note the very weak signal for the cytokeratin and the lack of a signal for CD45 in the lymphocytes that are present

in the dermis. Both proteins should yield intense signals in such a biopsy. An additional serial section slide was treated with the same series of

reagents meant to regenerate the signal as used for the HPV test in Fig. 1.1. Note that the intense signals for each cytokeratin and CD45 are now evi-

dent (panel B). We discuss in detail the “regeneration of the signal” concept in subsequent chapters. But, for now, these data show that such aged

blocks still can be useful for immunohistochemistry research.

FIGURE 1.3 Effect of the tissue block age on the in situ hybridization signal for microRNAs and its “rejuvenation.” Panel A shows a cervical biopsy

with nonspecific inflammation taken in 2002. Unstained slides were stored for 10 years. The tissue was tested for miR-31 and miR-let-7c. These

miRNAs should be present in high copy number in the cervix in the stromal inflammatory cells and basal epithelial cells, respectively. However, no

signal was noted. An additional serial section slide was treated with the same series of reagents meant to regenerate the signal as used for the HPV

test in Fig. 1.1 and the immunohistochemistry test in Fig. 1.2. Note that the intense signals present in the submucosal inflammatory cells and basal epi-

thelial cells are now evident (panel B).

Introduction Chapter | 1 3



in situ hybridization and immunohistochemistry are help-

ful; indeed, they are essential because they serve as a start-

ing point for these methods. However, I do not want this

book to only give you such recipes. I think it is essential

that we all, to the best of our ability, understand the bio-

chemistry of each step of immunohistochemistry and in

situ hybridization. This requires an in-depth knowledge of

what actually happens at a biochemistry level inside the

intact cells when we use cryostat sections versus denatur-

ing fixatives (such as ethanol, acetic acid, and alcohol)

versus the most common fixative, 10% neutral buffered

formalin. This knowledge will be by far the most impor-

tant tool you will have to troubleshoot when you are

experiencing problems with immunohistochemistry and in

situ hybridization.

Now, look at Fig. 1.4. These are all images of HPV in

situ hybridization. Note that in some of the tissues the opti-

mal signal requires DNA retrieval. By “DNA retrieval,” I

mean exposing the tissue to 95�C in an aqueous solution

before in situ hybridization (like antigen retrieval for pro-

teins with immunohistochemistry). However, you will see

tissues that are histologically equivalent will not give a

good signal with “DNA retrieval” but rather require prote-

ase digestion for an optimal HPV in situ hybridization. You

will also see, as illustrated in panels C and D, cases in

which tissues with the same histologic diagnosis require no

pretreatment to get the best signal. In yet other tissues, anti-

gen retrieval plus protease digestion gives the best signal! I

can assure you that it is impossible to predict which HPV-

infected formalin-fixed, paraffin-embedded tissue will

FIGURE 1.4 Different optimal protocols for HPV in situ hybridization for different CIN tissues. Each tissue was diagnosed as CIN, and each was

obtained in 2011 or 2012. Note that one of the biopsies showed a very weak signal with no pretreatment (panel A), but when a serial section was incu-

bated at 95�C for 30 min in an EDTA solution, the signal became much stronger (panel B). However, note that a different CIN tissue, which looked

equivalent to the CIN shown in panels A and B, yielded the exact opposite results. Specifically, there was a strong signal with no pretreatment (panel

C) that was much reduced when the serial section was incubated at 95�C for 30 min in an EDTA solution (panel D). These data underscore the impor-

tant point that tissues from the same site with the same diagnosis may well require different pretreatment conditions when doing in situ hybridization

for RNA or DNA.
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require no pretreatment, antigen retrieval, protease, or a

combination of the last two pretreatment regimes. It is

important to stress that if you do not use the right pretreat-

ment regime for that given tissue, then you might not see

any signal. Why does this happen? What is the biochemical

basis of this observation? We discuss this topic at length in

the book and, I hope, by the time you reach the end with

Chapter 12, PCR In Situ Hybridization and RT In Situ

PCR, you have a solid understanding of this and related

phenomena.

I mentioned above the excitement of seeing for the

first time under the microscope a specific RNA, DNA, or

protein detected in situ. Since we are in the midst of the

worst pandemic of the last 100 years with SARS-CoV-2

(COVID-19), I would be remiss if I did not include a

photo of this virus. Figure 1.5 shows the very high

amount of SARS-CoV-2 RNA present in the lung of

someone who died of this horrible disease. In my opinion,

the answer to how people die of COVID-19 lies to a large

degree in the in situ based methods that detect the virus

and correlate its presence to the host response.

The preceding paragraph, where it is clear that one pre-

treatment regime may be perfect for one tissue and give no

signal at all for another tissue with the same pathologic

diagnosis, may be a bit disheartening to the beginner. Not

to worry! We discuss in detail the biochemical basis for

this observation and learn how to use it to our advantage

when we devise our in situ hybridization and

immunohistochemical-based protocols. So, let’s begin with

a discussion of some of the basic concepts of molecular

biology in Chapter 2, The Basics of Molecular Pathology.

Before we move to Chapter 2, The Basics of Molecular

Pathology, let’s take a quantitative look at how the fields of

in situ hybridization and immunohistochemistry have grown

over the past 3 decades. The suggested readings show the

number of publications produced in 1975 on the topic of in

situ hybridization or immunohistochemistry; note that there

were eight such papers [1�8]. Compare this to the list of

publications produced in 1980 on in situ hybridization or

immunohistochemistry; note that there were 34 [9�42].

These references are included to give homage to the pio-

neers in these two fields.

Let’s now look at the number of peer review refer-

ences on either in situ hybridization or immunohistochem-

istry over the past 35 years. These data are presented in

the following table.

Year Number of peer review papers on either in situ

hybridization or immunohistochemistry

1975 8
1980 34
1985 150
1990 5030
1995 11,023
2000 12,216
2005 16,610
2010 13,337
2015 12,561

As is evident, an explosion of papers on in situ-based

molecular pathology was published between 1985 and

1995. In 1995, the field became firmly established in bio-

medical research and diagnostics.

Suggested readings

Publications on in situ hybridization and
immunohistochemistry in 1975
[1] D.M. Boorsma, C. Nieboer, G.L. Kalsbeek, Cutaneous immunohis-

tochemistry. The direct immunoperoxidase and immunoglobulin-

enzyme bridge methods compared with the immunofluorescence

method in dermatology, J. Cutan. Pathol. 2 (1975) 294�301.

[2] P. Brandtzaeg, Rhodamine conjugates: specific and non specific

binding properties in immunohistochemistry, Ann. N. Y. Acad. Sci.

254 (1975) 35�54.

[3] T. Hokfelt, K. Fuxe, M. Goldstein, Applications of immunohis-

tochemistry to studies on monoamine cell systems with special refer-

ence to nervous tissues, Ann. N. Y. Acad. Sci. 254 (1975) 407�432.

[4] T. Hokfelt, K. Fuxe, O. Johansson, S. Jeffcoats, W. White,

Distribution of thyrotropin-releasing hormone (TRH) in the central

nervous system as revealed with immunohistochemistry, Eur. J.

Pharmacol. 34 (1975) 389�392.

[5] R. Kemler, H. Mossmann, U. Strohmaier, B. Kickhofen, D.K.

Hammer, In vitro studies on the selective binding of IgG from dif-

ferent species to tissue sections of the bovine mammary gland, Eur.

J. Immunol. 5 (1975) 603�608.

[6] A. Martinez-Hernandez, D.A. Merrill, M.A. Naughton, C. Geczy,

Letter: acrylamide affinity chromatography for immunohistochem-

istry. Purification of specific antibodies, J. Histochem. Cytochem.

23 (1975) 146�148.

FIGURE 1.5 Detection of SARS-CoV-2 RNA by in situ hybridization.

Note the strong signal for the viral RNA in this lung from a person who

died of COVID-19. Viral RNA is seen in the stellate macrophages and

the endothelia of the septal capillaries.
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[7] A.G. Pearse, J.M. Polak, Bifunctional reagents as vapour- and

liquid-phase fixatives for immunohistochemistry, Histochem. J. 7

(1975) 179�186.

[8] V.M. Pickel, T.H. Joh, P.M. Field, C.G. Becker, D.J. Reis,

Cellular localization of tyrosine hydroxylase by immunohis-

tochemistry, J. Histochem. Cytochem. 23 (1975) 1�12.

Publications on in situ hybridization and
immunohistochemistry in 1980
[9] J.G. Bauman, J. Wiegant, P. Borst, P. van Duijn, A new method

for fluorescence microscopical localization of specific DNA

sequences by in situ hybridization of fluorochrome-labelled RNA,

Exp. Cell Res. 128 (1980) 485�490.

[10] R. Buffa, O. Crivelli, C. Lavarini, Immunohistochemistry of brain

5-hydroxytryptamine, Histochemistry 68 (1980) 9�15.

[11] B.D. Cote, O.C. Uhlenbeck, D.M. Steffensen, Quantitation of in

situ hybridization of ribosomal ribonucleic acids to human diploid

cells, Chromosoma 80 (1980) 349�367.

[12] R. Cumming, S. Dickinson, G. Arbuthnott, Cyclic nucleotide

losses during tissue processing for immunohistochemistry (letter),

J. Histochem. Cytochem. 28 (1980) 54�55.

[13] S.J. de Armond, L.F. Eng, L.J. Rubinstein, The application of glial

fibrillary acidic (GFA) protein immunohistochemistry in neuroon-

cology. A progress report, Pathol. Res. Pract. 168 (1980) 374�394.

[14] P.L. Debbage, D.S. O’Dell, D. Fraser, D.W. James, Tubulin

immunohistochemistry. Fixation methods affect the response of

spinal cord cells in vitro, Histochemistry 68 (1980) 183�195.

[15] J. Doerr-Schott, Immunohistochemistry of the adenohypophysis of non-

mammalian vertebrates, Acta Histochem. Suppl. 22 (1980) 185�223.

[16] D. Dube, P.A. Kelly, G. Pelletiar, Comparative localization of

prolactin-binding sites in different rat tissue by immunohistochem-

istry, radioautography, and radioreceptor assay, Mol. Cell

Endocrinal 18 (1980) 109�122.

[17] A. Engel, The immunopathology of myasthenia gravis, Int. J.

Neurol. 14 (1980) 35�46.

[18] J.M. Gasc, M. Sar, W.E. Stumpf, Immunocharacteristics of oestrogen

and androgen target cells in the anterior pituitary gland of the chick

embryo as demonstrated by a combined method of autoradiography

and immunohistochemistry, J. Endocrinol. 86 (1980) 245�250.

[19] S. Hata, H. Endo, H. Yabuuchi, Incontinentia pigmenti achro-

mians (Ito), J. Dermatol. 7 (1980) 49�54.

[20] T. Hokfelt, L. Skirboll, J.F. Rehfeld, A subpopulation of mesence-

phalic dopamine neurons projecting to limbic areas contains a

cholecystokinin-like peptide: evidence from immunohistochemistry

combined with retrograde tracing, Neuroscience 5 (1980) 2093�2124.

[21] Y. Ibata, K. Watanabe, H. Kinoshita, Dopamine and alpha-

endorphin are contained in different neurons of the arcuate nucleus

of hypothalamus as revealed by combined fluorescence histochemis-

try and immunohistochemistry, Neurosci. Lett. 17 (1980) 185�189.

[22] P. Johansen, M.K. Jensen, Enzymecytochemistry and immunohis-

tochemistry in monoclonal gammopathy and reactive plasmacyto-

sis, Acta Pathol. Microbiol. Scand. A 88 (1980) 377�382.

[23] T. Kameya, M. Tsumuraya, I. Adachi, Ultrastructure, immunohis-

tochemistry and hormone release of pituitary adenomas in relation

to prolactin production, Virchows Arch. A Pathol. Anat. Histol.

387 (1980) 31�46.

[24] H. Kimora, P.L. McGeer, F. Peng, E.G. McGeer, Choline acetyl-

transferase containing neurons in rodent brain demonstrated by

immunohistochemistry, Science 208 (1980) 1057�1059.

[25] S. Kimura, Pseudopyogenic granuloma: effects of corticosteroid
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[26] C. Klein, S. Van Noorden, Pancreatic polypeptide (PP)- and glu-
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(Telecostei). Correlative immunohistochemistry and electron

microscopy, Cell Tissue Res. 205 (1980) 187�198.

[27] F.R. Korsrud, P. Brandtzaeg, Quantitative immunohistochemistry of

immunoglobulin- and J-chain-producing cells in human parotid and

submandibular salivary glands, Immunology 39 (1980) 129�140.

[28] A. Leathem, N. Atkins, Fixation and immunohistochemistry of

lymphoid tissue, J. Clin. Pathol. 33 (1980) 1010�1012.

[29] S. Murao, Y. Horita, S. Maeda, T. Sugiyama, Gene mapping by in
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Kakusan Koso 25 (1980) 178�191.
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[34] M. Sar, W.E. Stumpf, Simultaneous localization of [3H] estra-

diol and neurophysin I or arginine vasopressin in hypothalamic

neurons demonstrated by a combined technique of dry-mount

autoradiography and immunohistochemistry, Neurosci. Lett. 17

(1980) 179�184.

[35] K. Schauenstein, G. Wick, Quantitative immunohistochemistry,

Acta Histochem. Suppl. 22 (1980) 101�110.

[36] H.M. Scheider, F.S. Storkel, W. Will, The influence of insulin on

local amyloidosis of the islets of Langerhans and insulinoma,

Pathol. Res. Pract. 170 (1980) 180�191.

[37] R.R. Tubbs, K. Sheibani, B.A. Sebek, R.A. Weiss,

Immunohistochemistry versus immunofluorescence for non-Hodgkin’s

lymphomas [letter], Am. J. Clin. Pathol. 73 (1980) 144�145.

[38] R.R. Tubbs, K. Sheibani, R.A. Weiss, Immunohistochemistry of

Warthin’s tumor, Am. J. Clin. Pathol. 74 (1980) 795�797.

[39] A.A. Verhofstad, H.W. Steinbusch, B. Penke, J. Varga, H.W.

Joosten, Use of antibodies to norepinephrine and epinephrine in

immunohistochemistry, Adv. Biochem. Psychopharmacol. 25

(1980) 185�193.

[40] K. Watanabe, H. Fujisawa, S. Oda, Y. Kameyama, Organ culture

and immunohistochemistry of the genetically malformed lens, in

eye lens obsolescence, Elo, of the mouse, Exp. Eye Res. 31

(1980) 683�689.

[41] G. Watts, A.J. Leathem, A non-immunoglobulin link reagent for

use in the unlabelled antibody method (pap) of immunohistochem-

istry, Med. Lab. Sci. 37 (1980) 359�360.

[42] H. Yasuno, M. Maeda, M. Sato, Organ culture of adult human

skin, J. Dermatol. 7 (1980) 37�47.

6 In Situ Molecular Pathology and Co-Expression Analyses

http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref7
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref7
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref7
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref7
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref8
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref8
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref8
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref8
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref9
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref9
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref9
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref9
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref9
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref10
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref10
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref10
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref11
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref11
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref11
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref11
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref12
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref12
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref12
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref12
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref13
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref13
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref13
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref13
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref14
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref14
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref14
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref14
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref15
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref15
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref15
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref16
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref16
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref16
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref16
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref16
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref17
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref17
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref17
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref18
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref18
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref18
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref18
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref18
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref19
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref19
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref19
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref20
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref20
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref20
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref20
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref20
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref21
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref21
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref21
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref21
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref21
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref22
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref22
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref22
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref22
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref23
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref23
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref23
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref23
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref23
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref24
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref24
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref24
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref24
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref25
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref25
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref25
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref26
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref26
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref26
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref26
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref26
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref27
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref27
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref27
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref27
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref28
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref28
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref28
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref29
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref29
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref29
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref29
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref30
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref30
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref30
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref30
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref30
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref31
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref31
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref31
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref31
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref32
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref32
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref32
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref32
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref32
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref32
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref33
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref33
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref33
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref33
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref33
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref34
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref34
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref34
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref34
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref34
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref34
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref35
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref35
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref35
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref36
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref36
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref36
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref36
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref37
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref37
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref37
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref37
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref38
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref38
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref38
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref39
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref39
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref39
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref39
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref39
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref40
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref40
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref40
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref40
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref40
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref41
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref41
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref41
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref41
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref42
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref42
http://refhub.elsevier.com/B978-0-12-820653-9.00001-8/sbref42

