CHAPTER 5.

THE STATISTICAL ANALYSIS OF THE RESULTS DERIVED

FROM ASPIRIN TABLETS.

5.1 Introduction. 

This chapter describes the results of the analysis of variance (ANOVA) of a factorially designed experiment based on the manufacture of aspirin tablets and discusses the mechanisms involved. The terminology described in Section 4.1 is used in this chapter. The values of determinants in the subsidiary (suffixed) tables refer to the mean value attributable to a treatment, that is, the sum of the values associated with a particular level of a treatment (or treatments), divided by the number of values involved, in the units of the original measurement. 

The formulations and results on which these analyses were based are given in Chapter 3. It should be noted that the particle size of the drug used in these tablets was considerably larger than any of the excipients. Therefore, although the choice of drug particle size as a treatment in the statistical analyses is acceptable in itself, the levels used mean that only highly significant effects would be apparent. The combination of particles of grossly different sizes in a formulation for direct compression reflects a potentially poor formulation with a great propensity for segregation. The only situation where large and small particle size ingredients produce a good direct compression formulation is where ordered mixing takes place. That is, where the active ingredient coats the excipient particles. This experiment was therefore undertaken to test the application of the mechanisms derived in Chapter 4 to a considerably different formulation.

5.2 The Analysis of Variance based on the Coefficient of Weight Variation of Aspirin Tablets. 

The analysis of variance (ANOVA) based on the coefficient of weight variation of aspirin tablets is shown in Table 5.1. None of the treatments were significant which suggests that the error attributable to the experiment was too high to identify any variation due to individual treatments. This may be viewed as the values of the coefficient of weight variation being distributed at random throughout the experimental batches of tablets. This indicates that the flow of powder into the die was unaffected by the mixing process or any changes in formulation, and was probably due to the large drug crystals carrying the smaller excipient particles into the die. The inertia of the drug crystals being sufficient to break up or prevent the formation of any temporary bridging structures formed by the excipients in the hopper or die. The small range and low values of the coefficient of weight variation (0.8-3.3%, Table 3.8) tend to suggest that there was little segregation of the drug particles. The combination of large and small particle sizes in these direct compression formulations did not therefore produce the expected particle segregation and this may therefore be considered to be an acceptable formulation. 

Table 5.1

ANOVA table based on the coefficient of weight variation of aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO

	MIXTIME
	1
	4.24
	0.271
	0.49

	STARCH
	1
	0.06
	0.004
	0.01

	SIZE
	1
	10.67
	0.681
	1.23

	PRESSURE
	2
	5.39
	0.172
	0.31

	MIXTIME.STARCH
	1
	0.00
	0.000
	0.00

	MIXTIME.SIZE
	1
	4.16
	0.266
	0.48

	STARCH.SIZE
	1
	8.36
	0.534
	0.97

	MIXTIME.PRESSURE
	2
	16.85
	0.538
	0.97

	STARCH.PRESSURE
	2
	3.76
	0.120
	0.22

	SIZE.PRESSURE
	2
	11.87
	0.379
	0.69

	MIXTIME.STARCH.SIZE
	1
	0.08
	0.005
	0.01

	MIXTIME.STARCH.PRESSURE
	2
	7.05
	0.225
	0.41

	MIXTIME.SIZE.PRESSURE
	2
	8.80
	0.281
	0.51

	STARCH.SIZE.PRESSURE
	2
	1.41
	0.045
	0.08

	RESIDUAL
	2
	17.30
	0.552
	

	TOTAL
	23
	100.00
	0.278
	


GRAND MEAN 



1.33%

TOTAL NUMBER OF OBSERVATIONS 
  24

NO SIGNIFICANT TREATMENTS

5.3 The Analysis of Variance based on the Porosity of

Aspirin Tablets.

The ANOVA based on the porosity of aspirin tablets is shown in Table 5.2. The most significant treatment was an increase in compaction pressure which decreased the mean attributable tablet porosity (Table 5.2a). This was due to the closer proximity of particles on compaction being sustained on ejection of the tablet by either a greater bond strength per unit area of contact or a greater area of contact between particles. The increased contact area being the most likely because a greater proportion of particles would be subjected to forces above their elastic limit, allowing particles to deform plastically around each other to a greater extent thus increasing the area of permanent contact. 

A longer mixing time produced a significant increase in porosity (Tables 5.2 and 5.2b). This was almost certainly due to the interference in bonding of magnesium stearate, which allowed elastic recovery of the particles to take place after compaction. The elastic recovery with the shorter mixing time being inhibited by the formation of stronger or more bonds during compaction. The lack of significance of increasing the starch concentration (Table 5.2) tends to indicate that any additional elastic deformation of starch had little effect compared to the elastic component of the deformation of the Avicel it replaced. 

Table 5.2

ANOVA table based on the porosity of aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTIME
	1
	19.40
	13.41
	71.31
	**

	STARCH
	1
	0.65
	0.45
	2.39
	

	SIZE
	1
	0.05
	0.03
	0.17
	

	PRESSURE
	2
	71.86
	24.83
	132.06
	***

	MIXTIME.STARCH
	1
	0.17
	0.12
	0.62
	

	MIXTIME.SIZE
	1
	0.03
	0.02
	0.11
	

	STARCH.SIZE
	1
	0.04
	0.02
	0.13
	

	MIXTIME.PRESSURE
	2
	0.89
	0.31
	1.63
	

	STARCH.PRESSURE
	2
	0.19
	0.06
	0.34
	

	SIZE.PRESSURE
	2
	0.03
	0.01
	0.05
	

	MIXTIME.STARCH.SIZE
	1
	0.27
	0.19
	1.00
	

	MIXTIME.STARCH.PRESSURE
	2
	4.78
	1.65
	8.78
	

	MIXTIME.SIZE.PRESSURE
	2
	0.36
	0.13
	0.67
	

	STARCH.SIZE.PRESSURE
	2
	0.75
	0.26
	1.38
	

	RESIDUAL
	2
	0.54
	0.19
	
	

	TOTAL
	23
	100.00
	3.01
	
	


GRAND MEAN 



11.90%

TOTAL NUMBER OF OBSERVATIONS      24

SIGNIFICANCE LEVEL *** >99% , ** >97.5%


Table 5.2a

The mean tablet porosity attributable to the compaction pressure.

compaction pressure (MNm-2)
	
	100 
	150
	200

	porosity (%)
	13.93
	11.05
	10.73


Table 5.2b

The mean tablet porosity attributable to the mixing time.

      Mixing time (min)
	
	1
	5

	porosity (%)
	11.15
	12.65


5.4 The Analysis of Variance based on the Tensile Fracture Stress of Aspirin Tablets.

Table 5.3 shows the ANOVA based on the tensile fracture stress of aspirin tablets. The most significant treatment was the mixing time, where a longer time produced a reduction in the mean attributable tensile fracture stress (Table 5.3a). This was almost certainly due to the increased spreading of magnesium stearate over the particle surfaces with a concomitant reduction in the bonding between particles on compaction (Lerk et al. 1979). The tablet porosity was greater with a longer mixing time (Table 5.2b). This was probably a consequence of the reduction in bonding, with elastic recovery being better able to take place after compaction where there were fewer restraining bonds formed. An increased mixing time would also increase the distribution of starch grains. If the elastic recovery of the starch is greater than that of the Avicel then this would contribute to the reduction in bonding, the additional movement on recovery breaking some of the bonds formed on compaction. However, the lack of significant effect of the starch concentration on the porosity, suggests that this latter possibility was unlikely. 

Increasing the starch concentration significantly reduced the mean tensile fracture stress (Table 5.3b). This was probably due to the same mechanisms involved in altering the mixing time. The mean surface-volume diameter of the starch was greater than the Avicel it displaced in the formulation (Table 3.2). The higher starch concentration formulations will have a smaller total surface area for the lubricant ·to cover, resulting in a greater interparticulate concentration of lubricant with a reduction in bond strength or number i.e a weaker tablet. Any elastic recovery of starch would reduce the bonding. Unfortunately little in the literature is available to substantiate this directly. Jones (1979) presented a graph of the elastic recovery for starch and Avicel which showed a greater elastic recovery for the starch. Paronen and Juslin (1983) and Krycer et al. (1982) derived the yield pressures of corn starch and Avicel respectively, from Heckel plots. These authors found that the yield pressures were 29.8MPa (Avicel) and 125MPa (starch), which whilst not directly related to elastic deformation, indicate that the elastic limit of Avicel will be exceeded at a much lower pressure than starch. As the stress distribution in compacts is not uniform (Train 1957) there were likely to be areas where the elastic limit of the starch was not exceeded even at the highest compaction pressure but where the elastic limit of Avicel was exceeded. Whilst yield pressures from Heckel plots only indicate the pressure at which plastic flow occurs and takes no account of any elastic component of deformation remaining after the initiation of plastic flow, they do indicate the pressure at which the initial elastic deformation is exceeded. It should also be noted that yield pressures determined under different experimental conditions, as in this case, should according to York (1979) be compared with caution. However the large difference between starch and Avicel may at least be taken to indicate that the yield pressure of Avicel is lower than that of starch. Hess (1978), in examining compact surfaces by scanning electron microscopy, observed that starch grains were frequently detached from adjacent particles. This may support the possibility that the elastic recovery of the starch affects the tablet strength.

Table 5.3

ANOVA table based on the tensile fracture stress of aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTI.ME
	1
	51.76
	0.550
	324.95
	***

	STARCH
	1
	20.69
	0.220
	129.90
	***

	SIZE
	1
	0.56
	0.006
	3.52
	

	PRESSURE
	2
	19.39
	0.103
	60.88
	**

	MIXTIME.STARCH
	1
	0.37
	0.004
	2.33
	

	MIXTIME.SIZE
	1
	0.27
	0.003
	1.71
	

	STARCH.SIZE
	1
	0.46
	0.005
	2.92
	

	MIXTIME.PRESSURE
	2
	0.40
	0.002
	1.25
	

	STARCH.PRESSURE
	2
	0.84
	0.004
	2.65
	

	SIZE.PRESSURE
	2
	2.67
	0.014
	8.38
	

	MIXTIME.STARCH.SIZE
	1
	0.65
	0.007
	4.07
	

	MIXTIME.STARCH.PRESSURE
	2
	1.22
	0.007
	3.84
	

	MIXTIME.SIZE.PRESSURE
	2
	0.10
	0.001
	0.31
	

	STARCH.SIZE.PRESSURE
	2
	0.29
	0.002
	0.90
	

	RESIDUAL
	2
	0.32
	0.002
	
	

	TOTAL
	23
	100.00
	0.046
	
	


GRAND MEAN 



0.845 MNm-2
TOTAL NUMBER OF OBSERVATIONS        24

SIGNIFICANCE LEVEL *** >99% , ** >97.5%

Table 5.3a

The mean tensile fracture stress attributable to the mixing time.

      Mixing time (min)
	
	1
	5

	tensile fracture stress

(MNm-2) 
	0.997
	0.694


Table 5.3b

The mean tensile fracture stress attributable to the starch concentration.

Starch concentration (%)
	
	1
	7

	tensile fracture stress

(MNm-2) 
	0.949
	0.750


Table 5.3c

The mean tensile fracture stress attributable to the compaction pressure.

compaction pressure (MNm-2)
	
	100
	150
	200

	tensile fracture stress

(MNm-2) 
	0.714
	0.906
	0.915


Table 5.3d

The mean tensile fracture stress (MNm-2) attributable to the interaction between the starch concentration and the mixing time.

Starch concentration (%)
	
	
	1
	7

	Mixing time (min)
	1
	1.105
	0.888

	
	5
	0.777
	0.611


Two other mechanisms may have been equally important in determining the reduction in the tensile fracture stress with an increased starch concentration. There was unfortunately no way of distinguishing between these mechanisms and the possibilities of a greater degree of elastic recovery or an increase in the interparticulate lubricant in the compact. One alternative mechanism was that the starch grains were inherently weaker than the Avicel particles, providing a weak area in the compact for the initiation of fracture. The other possibility was that the area available for bonding was reduced by the net reduction in surface area when the starch level was raised. An increase in the compaction pressure resulted in a significant increase in the mean attributable tensile fracture stress (Table 5.3c). This was due to an overall increase in particle-particle proximity allowing greater bond formation. The increase in tensile fracture stress from l00-150MNm-2was greater than from 150-200MNm-2. This indicates that the tensile fracture stress was not linearly dependent on the compaction pressure and that a limiting tensile fracture stress was approached. This situation may be similar to that described by Groenwold et al. (1972) where a linear relationship between crushing strength and compaction pressure for cylindrical and flat bevelled edge tablets was observed up to a limiting value. At this point flat bevelled edge tablets laminated but cylindrical tablets merely failed to increase in strength. This was postulated to be caused by the stress concentration due to the bevelled edge; with the cylindrical tablets no such focus existed The elastic recovery resulting in lamination of the bevelled edged tablets may therefore have taken place in the cylindrical tablets but without destroying the tablet coherence. The tablet matrix would however have been weakened. 

5.5 The Analysis of Variance based on the Friability of Aspirin Tablets. 

The friability of a tablet is a measure of its ability to withstand mechanical handling determined by the weight loss induced by abrasive and impact forces. It is a much less precisely controlled test than a diametral compression test but nevertheless measures the strength of the bonding between particles subjected to stresses. It is not surprising therefore that the effects of the treatments on the tablet friability were similar to the effects on the tensile fracture stress. The ANOVA relating to the friability of aspirin tablets is shown in Table 5.4. The mixing time, as with the tensile fracture stress, was the most significant treatment (Table 5.4a). The increased distribution of magnesium stearate and its interference in bond formation with a longer mixing time accounts for the increased friability, though the distribution of starch may also contribute to a reduction in bonding. 

Table 5.4

ANOVA table based on the friability of aspirin tablets

	SOURCE OF VARIATION
	DEGREES FREEOOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTIME
	1
	31.11
	2.305
	614.05
	***

	STARCH
	1
	15.81
	1.171
	312.01
	***

	SIZE
	1
	0.66
	0.049
	13.04
	

	PRESSURE
	2
	31.22
	1.157
	308.07
	***

	MIXTIME.STARCH
	1
	4.06
	0.300
	80.08
	**

	MIXTIME.SIZE
	1
	0.78
	0.058
	15.45
	

	STARCH.SIZE
	1
	0.30
	0.023
	6.01
	

	MIXTIME.PRESSURE
	2
	4.50
	0.167
	44.42
	**

	STARCH.PRESSURE
	2
	2.84
	0.105
	28.03
	

	SIZE.PRESSURE
	2
	3.79
	0.141
	37.43
	

	MIXTIME.STARCH.SIZE
	1
	0.94
	0.070
	18.53
	

	MIXTIME.STARCH.PRESSURE
	2
	2.40
	0.089
	23.67
	

	MIXTIME.SIZE.PRESSURE
	2
	0.75
	0.028
	7.43
	

	STARCH.SIZE.PRESSURE
	2
	0.74
	0.027
	7.30
	

	RESIDUAL
	2
	0.10
	0.004
	
	

	TOTAL
	23
	100.00
	0.322
	
	


GRAND MEAN 



1.301%

TOTAL NUMBER OF OBSERVATIONS      24

SIGNIFICANCE LEVEL *** >99% , ** >97.5%

Table 5.4a

The mean friability attributable to the mixing time.

      Mixing time (min)
	
	1
	5

	friability (%) 
	0.99
	1.61


Table 5.4b

The mean friability attributable to the starch concentration.

Starch concentration (%)
	
	1
	7

	friability (%)
	1.08
	1.52


Table 5.4c

The mean friability attributable to the compaction pressure.

compaction pressure (MNm-2)
	
	100
	150
	200

	friability (%)
	1.74
	1.10
	1.07


Table 5.4d

The mean friability (%) attributable to the interaction between the starch concentration and the mixing time.

Starch concentration (%)
	
	
	1
	7

	Mixing time (min)
	1
	0.88
	1.10

	
	5
	1.28
	1.94


Table 5.3d

The mean friability (%) attributable to the interaction between mixing time and compaction pressure.

Mixing time (min)
	
	
	1
	5

	compaction pressure 
	100
	1.26
	2.22

	(MNm-2)
	150
	0.87
	1.32

	
	200
	0.84
	1.30


A higher starch concentration increased the friability (Table 5.4b). This was either a result of the increased elastic recovery of the starch or the greater concentration of interbond magnesium stearate due to the reduction in total surface area (compared to the Avicel which the starch replaced in the formulation). The interaction between starch concentration and mixing time (Table 5.4d), shows that there was an increase in friability when either the starch concentration was raised or the mixing time extended. The significance of the interaction arose from the combination of the higher levels of the two treatments which resulted in an exaggerated friability. This was probably a facet of the friability test itself, whereby the tablets were subjected to attrition from the fragments of tablets produced during the test. Thus, the greater the initial friability, the more exaggerated the percentage of the tablet lost during the test. Increasing the compaction pressure was a significant treatment (Table 5.4) which resulted in a decrease in friability (Table 5.4c). This reflected the greater number of permanent bonds formed during the closer particle contact at the higher pressures. The difference between the friability attributable to the lower compaction pressure compared to the medium pressure was greater than the difference between the friabilities attributable to the medium and high compaction pressures. This was again similar to the tensile fracture stress (Table 5.3c). Table 5.4e shows the interaction between the mixing time and compaction pressure. This shows the same trends as either the compaction pressure or the mixing time alone. The interaction was significant because of the larger difference between l00MNm-2and l50MNm-2with the longer mixing time compared to the shorter time. Again this may represent a problem with a friability test itself, that is, if there are powder losses from a tablet, the loose powder in the apparatus may impose additional stresses on the tablets. This probably explains the interaction, with the weakest tablets (lowest pressure and longest mixing time) showing an exaggerated friability.

 5.6 The Analysis of Variance based on the Liquid Uptake into Aspirin Tablets.

The time for 50% of the maximum liquid uptake (M50%) was used to represent the rate at which liquid penetrated the tablet, a high M50% indicating that penetration was slow. This was determined under different conditions to the dissolution test, in that it was carried out at room temperature with no liquid agitation. The rate of penetration measured in this test may therefore be expected to be slower than under the conditions of the dissolution test. The M50% thus provided a means of differentiating between the rates of liquid penetration in different formulations. The ANOVA based on the liquid uptake into aspirin tablets is shown in Table 5.5. The most significant treatment was a longer mixing time, which decreased the mean attributable M50% (Table 5.5a). This was surprising as increasing the mixing time might have been expected to increase the distribution of hydrophobic magnesium stearate in the formulation, rendering more surfaces resistant to wetting and therefore retarding liquid ingress. 
Table 5.5

ANOVA table based on the liquid uptake into aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTIME
	1
	42.88
	31120.65
	389.06
	***

	STARCH
	1
	13.28
	9638.13
	120.49
	***

	SIZE
	1
	2.36
	1712.69
	21.41
	

	PRESSURE
	2
	9.42
	3416.78
	42.72
	**

	MIXTIME.STARCH
	1
	7.18
	5213.00
	65.17
	**

	MIXTIME.SIZE
	1
	2.55
	1850.71
	23.14
	

	STARCH. SIZE
	1
	3.29
	2385.46
	29.82
	

	MIXTIME.PRESSURE
	2
	4.01
	1454.94
	18.19
	

	STARCH.PRESSURE
	2
	4.58
	1662.35
	20.78
	

	SIZE.PRESSURE
	2
	0.43
	154.52
	1.93
	

	MIXTIME.STARCH.SIZE
	1
	0.44
	318.45
	3.98
	

	MIXTIME.STARCH.PRESSURE
	2
	7.91
	2869.51
	35.87
	

	MIXTIME.SIZE.PRESSURE
	2
	0.83
	299.59
	3.75
	

	STARCH.SIZE.PRESSURE
	2
	0.64
	230.77
	2.89
	

	RESIDUAL
	2
	0.22
	79.99
	
	

	TOTAL
	23
	100.00
	3155.48
	
	


GRAND MEAN 



73.9 s

TOTAL NUMBER OF OBSERVATIONS     24

SIGNIFICANCE LEVEL *** >99% , ** >97.5%

Table 5.5a

The mean liquid uptake attributable to the mixing time.

      Mixing time (min)
	
	1
	5

	liquid uptake (s) 
	109.9
	37.9


Table 5.5b

The mean liquid uptake attributable to the starch concentration.

Starch concentration (%)
	
	1
	7

	liquid uptake (s)
	93.9
	53.8


Table 5.5c

The mean liquid uptake (s) attributable to the interaction between the starch concentration and the mixing time.

Starch concentration (%)
	
	
	1
	7

	Mixing time (min)
	1
	144.7
	75.1

	
	5
	43.2
	32.6


Table 5.5d

The mean liquid uptake attributable to the compaction pressure.

compaction pressure (MNm-2)
	
	100
	150
	200

	liquid uptake (s)
	50.4
	82.1
	89.2


Table 5.5e

The mean liquid uptake (s) attributable to the interaction between starch concentration, mixing time and compaction pressure.

starch concentration (%)
	
	
	1
	
	7
	

	Mixing time 
	(min)
	1
	5
	1
	5

	compaction 
	100
	78.0
	32.5
	73.9
	17.1

	pressure
	150
	147.2
	60.4
	79.4
	41.4

	(MNm-2)
	200
	208.8
	36.7
	72.0
	39.2
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Figure 5.1

Scatter diagram of the mean liquid uptake (M50%) and the mean tensile fracture stress for each batch of aspirin tablets.

The distribution of the lubricant has already been implicated in the reduction of tensile fracture stress with a longer mixing time (Section 5.4). An examination of the scatter diagram of M50% versus tensile fracture stress for aspirin tablets, (Figure 5.1), indicates that there was a strong relationship between these two determinants. The effect of increasing the starch concentration (Table 5.5b) or the compaction pressure (Table 5.5d) may similarly be accounted for by the same mechanisms as those affecting the tensile fracture stress discussed in Section 5.4. This leaves the question as to why the tensile fracture stress should have been related to the M50% sufficiently to overshadow the effects of individual treatments, e.g. the hydrophobic nature of magnesium stearate. The tensile fracture stress represents a measure of the bonding within a tablet. The longer M50% with a greater degree of bonding therefore suggests that the route of liquid penetration was between rather than across the particles. An increase in bonding resulting in a greater area of intimate particle contact and reducing the number of channels between particles. This could arise when continuous hydrophobic barriers exist in the tablet matrix such as large drug crystals combined with a hydrophobic lubricant. 

The interaction between starch concentration and mixing time was significant and is shown in Table 5.5c. It can be seen that the M50% was not greatly changed by increasing the starch concentration with a long mixing time but was almost halved with a short mixing time. This follows the change in tensile fracture stress under the same treatments (Table 5.3d), that is, the weaker the tablet the shorter the M50%. This situation probably arose because the surface spreading of the magnesium stearate reduced the number of permanent bonds formed on compaction leaving channels for liquid transfer between particles. Thus where there was a smaller area of bonding within a compact i.e. a lower tensile fracture stress or higher friability, the liquid was able to penetrate more rapidly. The increase in porosity with a longer mixing time (Table 5.2b) would also enhance liquid penetration according to this hypothesis. The interaction between the mixing time and the starch concentration was however significant when the M50% was considered but not when the tensile fracture stress was examined. The significance arose from the longer M50% with the combination of a short mixing time and a low starch concentration. This probably represents the effect of the relatively large hydrophobic areas in the tablet matrix, i.e. the drug crystals. Where the starch concentration was increased preferential liquid access routes were created. When the mixing time was increased the bonding was reduced again leaving channels for capillary penetration. With a short mixing time and a low starch concentration neither of these penetration mechanisms would be available. The liquid ingress in this case was probably directly through the hydrophilic excipients, i.e. the Avicel. Whilst this would have occurred relatively fast through particular areas of the excipient due to the “opening” of Avicel on hydration (Lerk et al. 1979), the large hydrophobic drug surfaces would tend to deflect the penetrating liquid back on itself, i.e. away from the centre. The low significance interaction between the mixing time, the starch concentration and the compaction pressure illustrates this further (Table 5.5e). An increase in compaction pressure would be expected to reduce the available penetration channels created by whatever cause. Thus the highest M50%, (lowest rate of liquid ingress), was shown with the highest compaction pressure, the shortest mixing time and the lowest starch concentration. When either the mixing time or starch concentration was increased, these effects became more important than changing the compaction pressure. 

5.7 Statistical Analysis of the Treatments Relating to the Dissolution of Aspirin Tablets.
The dissolution of aspirin tablets was quantified by the time for 90% of the drug to dissolve (T90%). There are many ways of describing a dissolution profile, but the view of Goldsmith et al. (1978) was adopted in this study, i.e. model fitting does not generally contribute to the information obtained from the percent dissolved at given times. Whilst this figure does not define a dissolution profile, it is sufficient to differentiate between similar profiles such as those produced in this study. 

The ANOVA relating to the T90% of aspirin tablets is shown in Table 5.6. The ANOVAs derived from the T50% and T60% are shown in Tables 5.7 and 5.8. The most significant treatments with these determinants were the same as those of the T90%. The differences between these determinants relates to the value of the residual mean square which is the denominator in calculating the variance ratio. This represents the variation of the experimental results which was lower for the T50% and T60%. The reduced spread of the T50% and T60% compared to the T90% results thus accounts for the significance of some interactions for the T90% but not for the T50% or T60%. It should be noted that the significance reflects the probability that a given response does indeed exist. Hence the same trends were shown with the T50% and T60% as with the significant T90% interactions but without sufficient emphasis to raise the interaction above the experimental error. The following discussion is therefore restricted to the T90% which showed more, rather than less, significant interactions.

Table 5.6

ANOVA table based on the time for 90% of the drug to dissolve from aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTIME
	1
	19.95
	4186.86
	685.52
	***

	STARCH
	1
	36.25
	7608.18
	1245.71
	****

	SIZE
	1
	0.05
	11.40
	1.87
	

	PRESSURE
	2
	3.13
	328.66
	53.81
	**

	MIXTIME.STARCH
	1
	24.80
	5205.97
	852.39
	***

	MIXTIME.SIZE
	1
	0.16
	33.64
	5.51
	

	STARCH.SIZE
	1
	0.81
	169.80
	27.80
	

	MIXTIME.PRESSURE
	2
	5.20
	545.34
	89.29
	**

	STARCH.PRESSURE
	2
	5.44
	571.01
	93.49
	**

	SIZE.PRESSURE
	2
	0.76
	79.98
	13.10
	

	MIXTIME.STARCH.SIZE
	1
	0.52
	108.82
	17.82
	

	MIXTIME.STARCH.PRESSURE
	2
	2.54
	267.11
	43.74
	**

	MIXTIME.SIZE.PRESSURE
	2
	0.04
	3.69
	0.60
	

	STARCH.SIZE.PRESSURE
	2
	0.30
	31.26
	5.12
	

	RESIDUAL
	2
	0.06
	6.11
	
	

	TOTAL
	23
	100.00
	912.65
	
	


GRAND MEAN 



66.38 min

TOTAL NUMBER OF OBSERVATIONS      24

SIGNIFICANCE LEVEL ****>99.9%,   *** >99%,   ** >97.5%

Table 5.6a

The mean T90% attributable to the starch concentration.

Starch concentration (%)
	
	1
	7

	T90% (min)
	84.2
	48.6


Table 5.6b

The mean T90% attributable to the mixing time.

      mixing time (min)
	
	1
	5

	T90% (min)
	79.6
	53.2


Table 5.6c

The mean T90% attributable to the compaction pressure.

compaction pressure (MNm-2)
	
	100
	150
	200

	T90% (min)
	59.0
	70.4
	69.8


Table 5.6d

The mean T90% (min) attributable to the interaction between mixing time and starch concentration.

Starch concentration (%)
	
	
	1
	7

	mixing time (min)
	1
	112.1
	47.1

	
	5
	56.3
	50.1


Table 5.6e

The mean T90% (min) attributable to the interaction between starch concentration and compaction pressure.

compaction pressure (MNm-2)
	
	
	100
	150
	200

	starch concentration 
	1
	67.2
	94.5
	90.8

	(%)
	7
	50.8
	46.3
	48.7


Table 5.6f

The mean T90% (min) attributable to the interaction between the mixing time and the compaction pressure.

compaction pressure (MNm-2)
	
	
	100
	150
	200

	mixing time
	1
	63.2
	90.7
	84.9

	(min)
	5
	54.8
	50.1
	54.6


Table 5.6g

The mean T90% (min) attributable to the interaction between starch concentration, mixing time and compaction pressure.

starch concentration (%)
	
	
	1
	
	7
	

	mixing time 
	(min)
	1
	5
	1
	5

	compaction 
	100
	79.7
	54.7
	46.7
	54.9

	pressure
	150
	134.4
	54.7
	47.1
	45.4

	(MNm-2)
	200
	122.4
	59.3
	47.4
	50.0


Table 5.7

ANOVA table based on the time for 50% of the drug to dissolve from aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES %
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTIME
	1
	22.51
	324.22
	439.07
	***

	STARCH
	1
	52.39
	754.43
	1021.67
	****

	SIZE
	1
	0.01
	0.13
	0.17
	

	PRESSURE
	2
	1.60
	11.56
	15.65
	

	MIXTIME.STARCH
	1
	14.06
	202.44
	274.16
	***

	MIXTIME.SIZE
	1
	0.00
	0.02
	0.03
	

	STARCH.SIZE
	1
	0.43
	6.22
	8.43
	

	MIXTIME.PRESSURE
	2
	2.36
	17.02
	23.05
	

	STARCH.PRESSURE
	2
	2.62
	18.84
	25.51
	

	SIZE.PRESSURE
	2
	0.72
	5.15
	6.98
	

	MIXTIME.STARCH.SIZE
	1
	0.09
	1.34
	1.81
	

	MIXTIME.STARCH.PRESSURE
	2
	2.86
	20.57
	27.86
	

	MIXTIME.SIZE.PRESSURE
	2
	0.07
	0.52
	0.70
	

	STARCH.SIZE.PRESSURE
	2
	0.17
	1.24
	1.68
	

	RESIDUAL
	2
	0.10
	0.74
	
	

	TOTAL
	23
	100.00
	62.61
	
	


GRAND MEAN 



20.95 min

TOTAL NUMBER OF OBSERVATIONS      24

SIGNIFICANCE LEVEL **** >99.9%; *** >99%

Table 5.8

ANOVA table based on the time for 60% of the drug to dissolve from aspirin tablets.

	SOURCE OF VARIATION
	DEGREES FREEDOM
	SUM OF SQUARES%
	MEAN SQUARES
	VARIANCE RATIO
	

	MIXTIME
	1
	21.29
	490.51
	273.97
	***

	STARCH
	1
	48.93
	1127.51
	629.75
	***

	SIZE
	1
	0.04
	0.84
	0.47
	

	PRESSURE
	2
	1.76
	20.32
	11.35
	

	MIXTIME.STARCH
	1
	15.61
	359.60
	200.85
	***

	MIXTIME.SIZE
	1
	0.05
	1.08
	0.61
	

	STARCH.SIZE
	1
	0.66
	15.20
	8.49
	

	MIXTIME.PRESSURE
	2
	3.29
	37.91
	21.18
	

	STARCH.PRESSURE
	2
	3.50
	40.28
	22.50
	

	SIZE.PRESSURE
	2
	0.96
	11.05
	6.17
	

	MIXTIME.STARCH.SIZE
	1
	0.19
	4.42
	2.47
	

	MIXTIME.STARCH.PRESSURE
	2
	3.28
	37.80
	21.11
	

	MIXTIME.SIZE.PRESSURE
	2
	0.04
	0.50
	0.28
	

	STARCH.SIZE.PRESSURE
	2
	0.25
	2.82
	1.58
	

	RESIDUAL
	2
	0.16
	1.79
	
	

	TOTAL
	23
	100.00
	100.18
	
	


GRAND MEAN 



    27.20 min

TOTAL NUMBER OF OBSERVATIONS          24

SIGNIFICANCE LEVEL *** >99%

The most significant treatment was the starch concentration, where an increase reduced the mean attributable T90% (Table 5.6a). With the maximum starch concentration of 7% and the minimum tablet porosity of approximately 10% (Table 3.8), the expansion of the starch on hydration must be at least 43% of its original volume to fill the available void space. A volume increase greater than this will exert forces on the surrounding particles, and provided that the hydraulic pressure of hydration is greater than the bonding forces holding the surrounding particles in the tablet matrix, then the tablet matrix will be disrupted. Even if the hydraulic pressure is not sufficient to break the bonds holding surrounding particles, the expansion will probably damage the bonds associated with the surface of the starch grains which would represent a smaller disruption of the tablet matrix. Various figures have been put forward for the amount of swelling shown by starches on hydration, with Carmella et al. 1984) suggesting 43% and Gissinger and Stamm (1980) 103%, both for maize starch. However these figures were derived by different techniques and the relevance of the application of these figures to the expansion of starch in a particular compact is uncertain. The expansion in a compact will be constrained by the bonding forces between the starch and the surrounding particles and by the forces holding the surrounding particles in position around the starch. Thus expansions measured on single starch grains, i.e. unconstrained, should represent the maximal expansion whereas expansions measured in pure starch compacts represent an intermediate state depending on the strength of bonding and the packing of the starch grains. A more suitable quantity may be the force developed during expansion, though this would only be useful where information is available on the bonding forces of the surrounding particles. The main actions of starch in a tablet formulation are its action as a disintegrant or as a binding agent. The aim, as far as drug dissolution is concerned, being to disrupt the tablet structure and facilitate liquid access to the drug. The effect of changing the starch concentration on the rate of liquid penetration was insignificant (Table 5.5) and has already been discussed. Disintegration in a disintegration apparatus occurred too erratically to adequately distinguish between the different batches and little difference was shown in the time before the onset of dissolution in Figures 3.10 to 3.17. Thus the shorter T90% attributable to the increase in starch concentration was not adequately explained by a more rapid disintegration of the tablets. The modification of a hydrophobic drug surface by starch has been discussed in Section 4.7, where the change in the ratio of starch to drug surface area was found to be similar to the time for 90% drug dissolution for the four combinations of drug particle size and starch concentration. A similar action may occur with the aspirin, which has a lower adhesion tension (Table 1.4) than the paracetamol previously discussed, and may therefore be expected to be more resistant to aqueous wetting (Fell and Efentakis 1978). The action of starch may therefore depend on the starch in contact with the drug surface rendering the contact point hydrophilic, the wetting then proceeding less rapidly than the rate of solution. This would account for the shorter T90% with a longer mixing time or a higher starch concentration and indicates that the disintegration induced by the starch swelling was of less importance, otherwise the purely mechanical separation of particles would give a T90% dependent mainly on drug surface area. The surface modification mechanism may have been supported by the effect of increasing the mixing time (Table 5.6b), where a longer mixing time would increase the distribution of starch and hence the number of starch grains in contact with the aspirin crystal surface, thus increasing the dissolution rate. However, increasing the mixing time also decreased the tablet tensile fracture stress (Table 5.3a) and decreased the time for 50% liquid penetration (Table 5.5a), either of which could influence the deaggregation of the compact and hence the dissolution process. The interaction between starch concentration and mixing time was significant and is shown in Table 5.6d. It can be seen that the main feature of this table is the high T90% associated with the lower starch concentration and the shorter mixing time. This indicates that a critical level of starch distributed throughout the tablet was necessary for a rapid dissolution rate. This critical level may arise through either distribution of a low amount of starch or by the presence of a high amount of starch. It was not significantly increased by an increased distribution of a high amount of starch. The shorter T90% may represent the dissolution of the drug crystals themselves i.e. an intrinsic dissolution rate, and the longer T90% would represent the effect of the processes affecting the transport of liquid to and from the drug crystals. The liquid uptake into the tablet (Table 5 5c), was significantly slower with the low starch, short mixing time combination. It was interesting that the increased distribution of magnesium stearate apparently failed to significantly lengthen the T90%, even at lower starch concentrations (Table 5.6d). An increase in the compaction pressure resulted in a longer T90% (Table 5.6c), though at a relatively low level of significance. The interactions of starch concentration (Table 5.6e) and mixing time (Table 5.6f) with compaction pressure clarify the situation. These interactions are best discussed with reference to Table 5.6g which, despite being of a lower significance (Table 5.6) than the individual interactions, shows the elements of both. Table 5.6g may be split into two parts, the values associated with a short mixing time and a low starch concentration, and the remainder of the values. The significance of the interactions involving compaction pressure arises from the lower T90% attributed to a compaction pressure of l00MNm-2. The effect being masked by either a high starch concentration or a long mixing time. This was probably due to the strength of the tablet which was much weaker either as a lower tensile fracture stress (Table 5.3c) or as a higher friability (Table 5.4c), at the lowest compaction pressure compared to the two higher pressures. The liquid uptake was also more rapid at the lowest compaction pressure (Table 5.5d). The dissolution process in these aspirin tablets may be summarised as depending mainly on the starch concentration which increased the dissolution rate up to the limit where the solution of isolated drug crystals became predominant, by some combination of its reduction in tablet strength, its disintegration of the tablet, and by its surface interaction with the drug. These effects were enhanced by an increased distribution of the starch by a longer mixing time and were not affected by the magnesium stearate, the latter probably because the drug surface was initially hydrophobic. Under the conditions of low starch concentration and a short mixing time, the strength of the tablet became more important in controlling the dissolution process by promoting faster liquid ingress and facilitating disruption of the tablet structure.

5.8 A Summary of the effects of the Treatments on Aspirin Tablets.

This section summarises the foregoing discussion from a slightly different viewpoint, that of the treatment rather than the determinant. 

5.8.1 The effect of altering the mixing time. 

A 1onger mixing time reduced the tensile fracture stress, the M50% and the T90% of the aspirin tablets. It increased the tablet porosity and friability. The result of extending the mixing time will be a greater distribution of magnesium stearate over the surface of the particles in the formulation and a more homogenous distribution of the drug and excipients. Magnesium stearate has been shown to reduce bonding between particles on compaction where brittle fracture is not the main bonding mechanism (Lerk et al. 1979). This explains the reduction in tablet strength as shown by a lower tensile fracture stress and a greater friability (Tables 5.3a and 5.4a), and the increase in porosity (Table 5.2b); the elastic recovery of the particles permitted by the decrease in bonding increasing the void space. The reduction in M50% and T90% with a longer mixing time represents a faster rate of liquid uptake and a faster dissolution rate. This was surprising as the additional distribution of hydrophobic lubricant might be expected to retard liquid penetration and drug release. The increase in the rate of penetration may therefore have been due to the reduction in bonding which implies that the liquid entered via the capillary network between particles rather than through the excipients. The rate of dissolution of the drug may have been dependent on the rate of liquid penetration. The shorter M50% with a longer mixing time would thus account for the more rapid T90%. However the most significant effect on the M50% was the mixing time but the changing the starch concentration was the most significant effect on the T90%. Thus although the rate of liquid penetration may have exerted a great influence on the dissolution rate, it did not entirely control it. An increased distribution of starch would occur with a longer mixing time. This would bring more starch into contact with the drug surface enhancing the wetting rate and thus the dissolution rate. It may also have reduced the M50%, the starch swelling on hydration sufficiently to disrupt the hydrophobic coating and providing a route for liquid ingress through the starch. 

5.8.2 The effect of changing the starch concentration. 

The effect of increasing the starch concentration in the formulation was similar to the effect of increasing the mixing time in that it reduced the tensile fracture stress, the M50%, and the T90%. It did not significantly affect the tablet porosity but increased the friability. The increase in starch concentration was accomplished by replacing Avicel with starch in the formulation. The mean diameter of the starch was greater than the Avicel it replaced as determined by a permeability method (Table 3.2). The total surface area in a given weight of powder was therefore lower with the high starch concentration than with a low starch concentration. The similarity with the effects due to a longer mixing time may thus be accounted for by an increase in the magnesium stearate per unit area with a concomitant reduction in bond strength. The greater friability and the lower tensile fracture stress thus follow the same reasoning as with the mixing time, which may be extended to include the M50%. The lack of effect on porosity suggests that any elastic recovery of the starch was insignificant compared to the Avicel it replaced in the formulation. The effect of increasing the starch concentration on the dissolution rate (T90%) was more complex. Simple swelling of the starch grains promoting disintegration of the tablet was the most obvious mechanism. This did not seem likely as 50% saturation of the tablet occurred within 74 seconds whereas 50% of the drug appeared in solution in 21 minutes (Grand Means from Tables 5.5 and 5.7). This implies that the dissolution was not controlled by the rate of liquid penetration into the tablet, which would include the tablet strength effects. The main action of the starch therefore probably lies in the modification of the drug surface. The contact between starch and drug has been postulated to overcome the hydrophobic barrier of the aspirin surface and so permit wetting and hence dissolution to take place. This would account for the shorter T90% with a longer mixing time at the lower level of starch, and the lack of effect of a longer mixing time at the higher starch concentration (Table 5.6d). 

5.8.3 The effect of changing the compaction pressure. 

A higher compaction pressure increased the tablet strength as shown by the higher tensile fracture stress and the lower friability. The porosity was reduced under the same conditions. These all represent an increase in bond, formation during more intimate particle contact under the higher pressures. The effect of increasing the pressure from 100MNm-2 to 150MNm-2 was greater than from 150MNm-2 to 200MNm-2. This probably indicated that the maximum amount of bond formation had taken place at some pressure above 100MNm-2, thereafter the energy delivered by increased pressure was stored as elastic deformation. This would occur when sufficient consolidation of the particles or compact had taken place to allow the transmission of the compaction force to the die wall. The removal of the compressive force then allows the elastic recovery of the die wall to exert radial forces on the compact. This in turn breaks some of the bonds formed at the peak of compaction. In its worst case this may cause lamination of the tablet, but this was not apparent in these tablets. However it will cause a reduction in the tablet strength with a limiting value where the extra bonds formed on compaction are balanced by the residual die wall forces. There may have been some storage of elastic energy by some of the particles due to the uneven distribution of pressures within the compact with the same effect as energy stored in the die wall. The increase in strength with compaction pressure had comparatively little effect on the liquid uptake (M50%) or drug release (T90%). Both times were increased in a similar manner to the tensile fracture stress i.e. greater from 100MNm-2 to 150MNm-2 than above. The effect of compaction pressure on the T90% was more significant in the interactions with the starch concentration and mixing time (Tables 5 6e and 5.6f) than as a single treatment. In these the pressure could be seen to have an effect with the short mixing time or the lower starch concentration, but an increase in mixing time or starch concentration masked the effect.  










