Contents

Preface to SeCONd EditiON .............c..oocouveeeeieeiiieiie ettt et e eeaae e W)

CHAPTER 1

BASIC CONCEPTS

I.1  Types Of StatiStiCS ..ccvvieriierrieeiiiieeiieciee e e eree e e e eteeesereesveeenaeeesereeas
1.2 Parameters and StatiStiCS.......ccvueruerreriercieeieerieeseeseesresreeneeseesseessaesenes
1.3 Sampling and Independent ObServations...........ccceverveerereesieneneenienneenn
1.4  Variables and Variation..........ccceccuerveriiiiierieenieesieeseesresreeneeseesseesseesens
1.4.1 Discrete Variables........ooovevveiieeeieiiieiiereesrecieeve e snesene e
1.4.2 Continuous Variables............ccceereerienieniiiiieieeie e
1.4.3 Measurement of Variables...........cooceviiiiiniiiniiinienienieeieee
1.4.4 Independent and Dependent Variables ...........ccccecevereenenencee
1.5 Error ANALYSIS ..ccuviiiiiiiiiiciie ettt ettt e eteeeibaeeree e
1.6  Applications of Statistics in Pharmacy ...........ccceevvevverveniiencieniecieeieeiens
CHAPTER 2

MEASURES OF CENTRAL TENDENCY AND
MEASURES OF DISPERSION

2.1  Measures of Central Tendency..........ccccceveerirrirriieesieenieeseesesee e
2.1.1 The Objectives 0f AVEIaZe ........ccceeveerreerieriereesreesieesieesnesnenes
2.1.2 Characteristics of 2 GOOd AVETage .........cccevevveeveerreerieereerrennenns
2.1.3 TYPeS Of AVEIAZES ..cuveeeerieeiiieeiieeiieerireeeieeesiveesveeereeeseveesveeans
2.1.4 Arithmetic Average (Mean).........cccecueveveeciiecrierieereenieseesnesenens
2.1.5 MOA@...ceieiieieee et
2.1.6 MEAIAN ..ottt
2.1.7 Comparison of Mode, Median and Mean Values.......................
2.1.8 GEOMELriC MEAN ...c..eeiuiiiiiiiiiiieiieiteite e
2.1.9 Harmonic Mean (H.M) ........cccceeviiiriiieiieiieeeieee e



(viii) Contents

2.2 Measure Of DIiSPErSION ......ccceecuiecrieeiieriieriierieeseesteeteeteesieesseeseeessneesseenseensaens 31
2.2.1 Objectives of Measuring DiSPersion ..........ccccceeeeeveeeereeesveercveesineens 31
2.2.2 Methods of Measuring DiSpersion...........c..cceeeveerrvereerieereereenenennns 31
2.2.3 Precision and ACCUTACY ......cceevueerieeriienieniieeieeieeieesieenieeseee e sene s 44
2.2.4 Standard Error of StatiStiCs........cceeerieeiererieiere e 46
2.3 SKEWIESS ..uvtetieiieeiie et et eeitesttestteseteete et esteesteessaesabesnseenseeseesseessneenseenseensaens 52
2.4 KUTEOSIS .ttt ettt ettt b e sttt bt e bt e bt st eateeteebee 59
CHAPTER 3

DATA COLLECTION,
ORGANISATION AND PRESENTATION

3.1 Data CollECtION ....ccoeviieiiieiiie ettt ettt e et e st eseveeeveeesavee e 63
3.2 Data OrganiSatiON ........cc.ccceueeeeueeerreerieerreeesveesreessseeesseesssesessseessesssseesssseenns 67
3.3 Data RePresentation ........ccccuerveriieiieiiesieeseesresresreeseeseesseesseessesssnessnesssennns 67
3.3.1 Significant DIgitS.....cccevevircierciieiieiieieeree e ere e 67
3.3.2 Rounding NUMDETS..........cccverrirrieiieiieieesieesieeenesenesereeeneesseesseeseeas 69
3.3.3 Tabulation of Data ........c.cocciiiiiiiiiiieeeeeee e 71
3.3.4 Graphical Representation of Data...........cccceeeevieeiiieiiiecciieeieeeiees 75
CHAPTER 4

PROBABILITY AND DISTRIBUTIONS

4.1  Some Basic Definitions........ccceecvieriieriienieiieriesie e sie et see e e 100

4.2 Relative Frequency (or Statistical or Empirical) Definition of Probability .. 106

4.3 Baye’s TREOICIM ...ccvicvieiieiieciieciiecie ettt et ste e steestaeesreesbeesneesseessaeeeas 118

4.4 Probability DiStriDULIONS .......ccvecvieriieriieriieiie e eteeie et see e eeeenseeneees 121
4.4.2 Probability Distribution Function of a

Continuous Random Variable............cccccvevvenienieniienieciesie e, 125

4.4.3 Binomial DiStribUtion .........c.cccveeviierieerieeneenienieeresreereereesseesseens 127

4.4.4 PoiSSON DiStriDULION. .....ccviiviiiieiieriieseeseeere e eveereeereereesreeseeens 131

4.4.5 Normal DIstribution.........coooviviiiiiiiiii 134



Contents (ix)

CHAPTER 5

CORRELATION AND REGRESSION

BT B 107 4 (=1 - (03 RSP STR SRR 146
5.1.1 Types of Correlation.........ccceecveerierieneieerieereeseesee e e ereeseeesenens 147
5.1.2 Methods of Studying Correlation ............ccceeeeveeevieenieencieeeeeeeen. 148
5.1.3 Statistical Significance of a Correlation Coefficient ..................... 153
5.1.4 Pair Wise Correlations Involving more than Two Variables........ 162
5.1.5 Partial Correlations ..........cecceverierinieiereeieie e 165
5.1.6 Standard Error of the Coefficient of Correlation.............ccccceeneen. 166
5.1.7 Correlation in Bivariate Frequency Table .......c...ccccvvevivevrieniiennnnns 167
5.2 Regression ANALYSiS......ccccccierierierieiieeieeiie ettt esee sttt 169
5.2.1 Differences between Correlation and Regression............c.ccveneienns 169
5.2.2 Regression LiNES.........ccccceeruieriieiienieiieeie ettt 169
5.2.3 Method of Least SqUAres .........ccccceveeeviieriieeciirecieeeiee e 173
5.2.4 Regression Equation in Group Frequency Distribution................. 191
CHAPTER 6

TRANSFORMATIONS AND OUTLIERS

6.1  TranSfOrMAtIONS .....ccveruieeieeeriieierteee ettt ettt ettt e et e e eeeenee e 202
6.1.1 The Logarithmic Transformation ............cecceeceveerenencenenencenenn 203
6.1.2 Square Root Transformation............cceceeeeveeeeveencieessieeesieeenee e 215
6.1.3 Reciprocal Transformations............cccecceerveereervercuencreesieesreeseenenens 218
6.1.4 The Arcsin Transformations for Proportions............cccccevveeuveenneen. 218
LT € 1311 1<) TSR PASRR SRR 219
CHAPTER 7
SAMPLE CHOOSING
7.1 Sampling ProCedUIES.........ccecieriirieiieiieeie ettt seae s 226

7.2 Precision, Accuracy and Bias..........ccccceeeciiiiiiiiniiie e 235



(x) Contents

7.3 SAMPIE SIZC...eieceiiieiiieciiie ettt e et e e be e b e e e areeebeeenaaes 236

7.4 Reliability and Validity of Sampling Data...........cccceevveriercinnciiniiiieeeenienns 239

7.5 Sampling and Non Sampling Errors .........cccccveeeieiiieeccie e 239
CHAPTER 8

STATISTICAL INFERENCE:
SIGNIFICANCE OF TESTING

8.1  Hypothesis TeStINg......ccceviieriieeiiiieiiiecieeeiee ettt e ree e e sveeebeeeseveeeareeens 243
8.2 ParametriC TeSES ... ceoueruireieieeieeieie ettt ettt 246
8.3 ZL TSt ettt ettt et b et na e s e eneensenreennens 246
8.3.1 Test of Significance of a Mean and Large Sample........................ 248

8.3.2 Test of Significance of difference between
Two Means of Large Samples ........ccceecveeeeiveniieeiiieeeieeeiee e 249

8.3.3 Test of Significance of difference between
Two Standard Deviations ..........ccceceereenienieniiiieeieeie e 251
8.3.4 Test of Significance of a Sample Proportion...........cccceeeverveennnnnn. 254
8.3.5 Comparison of a Sample Proportion to a known Proportion......... 255
8.3.6 Comparison of TWO Proportions ...........ccceeeeeveevieerieneennesnesnnennns 257
T S A T USRS PTPURSUPUPRRII 258
8.4.1 Comparison of Sample Mean with Population Mean ................. 260
8.4.2  Comparison of Two Sample Means..........cccccevververeerneerreenenn. 262
8.4.3 Comparison of Two Samples Means having different Variance 267
8.4.4  Paired £ TESt coveeuieiieiieiieeeeee e 269
8.5 Comparison of Variances (F-test) ........ccccviviiiriiiiiiiiieie e 274
8.6  Chi-square Test Of SigNIfiCANCE .......ccvervierierierieeie ettt eieens 277
8.6.1 Test of Goodness Of Fit.......ccccoevieiieiiiiiiiiineeeceeeee e 278
8.6.2 Test of Independence...........ccveveevieriieiieiieieeeee e 279

8.6.3 Test for the Population Variance ...........cccecceevveneenieneeneenieeenn, 282



(xi) Contents

CHAPTER 9

ANALYSIS OF VARIANCE (ANOVA)

9.1  One-way Analysis Of VATIANCEe .........ccceevveevieeriierieniesiesieere e ereeseessee e 346

9.1.1 ANOVA VS. 1St c.eeieiiiiiriieieeteereeneerte ettt 349

9.1.2 Multiple Comparisons in ANOVA .........ccceevvrieeiiienieecree e 350

9.1.3 Multiple Correlated OULCOMES .......c.eecveerveerieereeriierienieereereenieens 359

9.1.4 One way ANOVA with unequal Sample Sizes ...........ccceecvereennn. 361

9.2 Two-Way ANOVA ..ottt 362

9.2.1 Fixed and Random Effects in the Two-Way ANOVA ................. 365

9.2.2 Two-way ANOVA with Replication ...........cccccvevvervinrinrienieeniens 365

CHAPTER 10

NON PARAMETRIC METHODS

10.1  INErOAUCHION ...ttt ettt st e 381

LO.2 SHGIN TSt eeentieiieieieeeie ettt ettt ettt ettt et ettt e st e saee et e sateeabeebeenseens 385

10.2.1 Sign Test following Normal Probability............ccccevvververciencnennnns 385

10.2.2 Paired Sample Sign Test......cccooeriiiriienienierieeieeie e 387

10.2.3 Sign Test for Large Samples.........cccvevvievrieriierienienienresreereeneens 388

10.3  Wilcoxon Signed Rank Test.........ccceevieriririiininieniinieienereeieseseee e 390

10.4  Wilcoxon Matched-Pairs Test........cccevoieiiiiiiiiinieniene e 393

10.5 Mann — Whitney Test/Wilcoxon Rank Sum Test ........ccoocevvieiirinninineenanne 395

10.6  Kruskal-Wallis Test (One-way ANOVA by Ranks).........cccccevveeereeenviennenns 397

10.7  Friedman Test (Two-way Analysis of Variance)...........cccecevevercvercvervennennn, 401

10.8  Multiple Comparisons for the Modified Friedman Test .............cccceeveeennenns 404

109  QUAAE TESE .uveiitiieiiieciee ettt ettt ettt e et eete e e eare e areeeeaneeeareeans 405

10.10  Rank Correlation ..........cccueeieiieiieerieeieesiteeee ettt ettt st s enee s 407

10.11  Test of Randomness: Runs (Wald-Wolfowitz Test) ........ccccocvevierrervennennnn. 408

O B (T4 T3 T ] APPSR 410

10.13  Kolmogorov-Smirnov TSt .......cceevveeviierieeriierieeieereereesreesiresreereesseeseesenes 411



(xii) Contents

CHAPTER 11
STATISTICAL QUALITY CONTROL

LT1.1 INErOAUCHION ..ottt st 419
11.2  Statistical Quality CONtrol.........cccuiiiiiiiiriieeiie ettt e s 419
11.3  Advantages of Statistical Quality Control.............cceevvevieviierienienieeie e, 420
11.4  Causes Of Variation .........ccueeeiiiiiiieeiiieciee et ettt et eeieeesveeevee e 420
11.5 Types of Statistical Quality Control..........c.ccceeevieerievieerienienieeie e e e 420
11.6  CoNtrol CRAtS .....ccviiiiiieiie ettt ettt e ev e e v et e e eneeeveeenes 421

11.6.1 Variables Control Charts ...........ccooceeeeiererieieeeeeeseeee e 424

11.6.2 Attribute Control Charts ............ccceeevieeciieeciee e 431
11.7  Acceptance SaAmMPIINg.........cccceeviriieirieeriiesiereeseesresre e ere e e esreesreesaeseneeens 439

CHAPTER 12

FACTORIAL DESIGNS

12,1 INErOAUCTION ...ttt ettt st sttt et et e s e sneeens 442
12.2  Advantages of Factorial Design ........cccccecveeeviiiiiienciiieieeciee e 445
12.3  Notation in Factorial EXperiments ............cceeevereieerieeseesiienienieereereesieenenens 446
12.4  Guidelines in Factorial Design.........ccccueevviiiiiiiiiieeie et 448
12.5 Interpretation of the Factorial Design Experimental Results........................ 451
12.6  Fractional Factorial DeSign.........ccccccuieeviieiiieiiiieieeciee e e 468
12.6.1 Homogenous Fractional Factorial Design ..........ccccoceeverenceneene. 469
12.6.2 Mixed Level Fractional Factorial Designs.........cccoceevvevveniennnnnee. 471
12.6.3 Box, Hunter Fractional Factorial Design............cccceevevvvevieneennnnns 472
12.6.4 Plackett-Burman Designs ..........cccceveerirrirrieniieeieeieeeesee e 473
CHAPTER 13

OPTIMIZATION TECHNIQUES AND SCREENING
DESIGNS

13.1

TNETOAUCTION ... esnnnns 477



Contents (xiii)

13.2  Design of EXPErimeNtS........cccuvieiuiiiriieiiiieeiiieeieeeieeeseveesveeesiaeeseveesvaeesaveeens 478
13.3  Replication (Sample SiZ€)........ccvevreerieriieriierieniieiieieereeseeseee e sneeseesseenne 482
13.4 Composite Designs to Estimate Curvature ...........ccceeeveeeveencveeeneeenveesneeens 484
13.5 The Simplex Lattice DeSigN......c.ccccverrierieriieiieeieeieeseesre e e e ereesseesenen 489
13.6  Sequential OPtimiZation..........cccuevevirrieereerieesieeie e ete et esee e seeeseeeeeeeeeens 493
13.7  Process Optimization by Surface Response AnalysiS........c.ccceeveeveeveannennn. 499

13.7.1 Central Composite DeSign.........cccoueruiriiriieiieeieerieesieeeeesie e 499

13.7.2 Formulation Optimization with Box-Bhenken Design.................. 505

CHAPTER 14

DESIGN OF EXPERIMENTS

14.1  Principles of Experimental Design........ccccceevvveviieciieneenienienie e eve e 512
14.2  Selection Of DESIZN ...ccvveiviiiiieiiieieeie et et et e sre v e eere b e esreesreesreesenessneeens 513
14.3  Parallel DeSi@N ....cccueieiiieiiieeiie ettt ettt eetae v e e s vaeeane e e 513
14.4 Randomized Block Design..........cccoevuieiiieiiieiiieiieiieieseee et 521
14.5  CroSSOVET DESIGNS. ....cccuieriieriieriieiieeie et et esteesttestteseteseteeteeteeteesseesaeesneeenes 524
14.6  Balanced Incomplete Block Design (BIBD).......c.ccoecvveciieriinienienieeiee, 531
14.7  Latin SQUAare DESIZNS ......ccccvverviriiiiiieiiesieeieeseeseresresreeseeseesseesseesssessnenens 536
14.8  Carryover Effects in Crossover DeSIgNS ........cccvievvieriieeiieenieeeieeesieeeneveens 540
149 ANOVA in Crossover DeSIZNS .......ccceevieriieriienienieiieeie et 545

14.10  Sample Size in BA/BE Studies ........ccooveeiiiiiiiiieieierieee e 547

14.11  Replicate Designs for BE Studies .......c.cccoeeieviieniinienieiie e 548

CHAPTER 15

VALIDATION
I5.1  INErOAUCHION ...ouuiiiiiieiiieieeeet ettt ettt e e s snee s 549
15.2  Sampling in Process Validation ............cccceevierciiiniiieciieciee e 550
15.3 Example for Retrospective Validation ..........c.ceceeeviecieeneenienienie e eee e 550
15.4 Example for Prospective Validation ...........ccccecvieviienciiienieecieecee e 556
15.5 Analytical Method Validation............cccveveerieriiniieieeieceree e 561

INDEX......ccerueenee 583






