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The home as a therapeutic environment 

Investigating the association between home spatial morphology and the 
neuropsychological functioning of older adult inhabitants 

Sonit Bafna, Kinsuk Maitra, Yoonjeong Lim, Winifred E. Newman, Manasi Shah 

Abstract 

We describe some preliminary results from an ongoing project investigating the influence of the home 
spatial morphology on older inhabitants’ neuropsychological functioning. The study has been jointly 
developed in the departments of occupational therapy and architecture at two US universities. Using 
data based on interviews and mapping of homes of 47 individuals, we present various models to 
explore different hypotheses regarding the mechanism underlying the association between home syntax 
and cognitive ability. The focus of these models is the association between average connectivity per 
space of the participants’ homes and their scores on the Montreal Cognitive Assessment (MoCA) test 
that screens for cognitive impairment. MoCA constitutes a part of neuropsychological functioning that 
is known to affect daily life activities. Looking at the same data using different hypotheses we find that 
average connectivity explains between 3% and 6% of the systematic variation in the MoCA scores over 
and above that explained by standard predictors like age and educational attainment. Under a less 
determinative hypothesis, odds of screening positive for mild cognitive impairment are most likely to 
decrease by a factor of 0.42 for a unit increase in average connectivity. If these preliminary results 
hold, it would imply that the layout of homes is an effective aspect of the conception of the home as a 
therapeutic environment. More broadly, it would also give us an insight into how sharper design 
principles may be derived from empirical inquiry into the relationship of building syntax and human 
life.  
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1. Introduction

We present preliminary results from an ongoing study on the contribution that the home environment 
can make towards the health (both physical and mental) and well-being of elderly inhabitants. 
Unearthing the associations between these two broad domains, namely architecture design and health, 
may yield knowledge with practical and societal implications. First, this knowledge may help set new 
standards for home design giving an aging population functional independence and allowing them to 
age well in place. Secondly, the knowledge allows us to assess, intervene, and modify existing homes 
with specific problematic qualities contributing to preventing their inhabitants from living well. An 
expectation of this potential social benefit is primarily what motivated our study. One of the important 
requirements of living at home longer is cognitive health. Excellent cognitive health has been 
correlated with delay in the onset of Alzheimer’s as well as the ability to “stay at home” or “age in 
place” (Clarke, et al., 2015; Thoma-Lürken et al., 2018; Lindquist et al., 2016; Woodbridge et al., 
2018; Dumas, 2017). Aging in place not only helps to keep older adults functionally independent, but 
also reduces the economic burden on society resulting from long-term care in nursing homes and 
assisted living facilities (Rantz et al., 2011). 

In addition to the motivating issues mentioned above, our study has the potential to shed light on 
broader questions of general building morphology. Our aim in this paper is to offer a brief discussion 
of these results and to tease out some of these issues. 
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The association between spatial organization and health: issues of methodological concern 
While there is an emerging trend of observational studies seeking to use syntactical descriptors of 
space as factors explaining variations in health outcomes (Ng et al. 2018, Watts et al., 2015; Koohsari 
et al., 2014; Sheffield et al., 2009), very few such studies have been conducted at the scale of the 
individual home, and those that have, have found limited success (Marquardt et al. 2015). A very likely 
reason is that, at the neighborhood scale it is easier to make reasonable assumptions of association 
between syntactic variables and health. In most such studies the operating premise is that the 
syntactical location of homes in a neighborhood translates into access to walking paths with markedly 
different characteristics—these characteristics typically consist of safety, convenience and ease of 
navigation, perceived pleasure, and variety in route selection. These differences can directly translate 
into the amount of walking or outdoor physical activity the location of the home may afford, and that in 
turn can translate into differences in health outcomes, either directly by different amounts of physical 
exercise being afforded, or as secondary effects due to differences in opportunities created for social 
activity. A similar line of reasoning associates syntactical locations of homes at the level of vehicular 
paths to differential access to resources such as a neighborhood parks and healthy food. For obvious 
reasons, these kinds of reasoning cannot be applied to relationship between the spatial layout of the 
individual home and health of its residents.  

The central problem in proposing a theoretical mechanism between spatial layout and health at the 
scale of the individual home is that differences in patterns of behavior cannot be accounted for by 
differences in the syntactical values of spaces in a given setting. It is possible to do this in certain types 
of buildings:  A nurse can be expected to shift her position so that she can simultaneously monitor a 
patient and simultaneously keep an eye on the activity on the floor overall (Choudhary, Bafna et al. 
2018; Lu, Peponis, and Zimring 2009). Or, one could understandably expect that the behavior of 
visitors in a museum or in any setting with exhibits would be sensitive to patterns of visibility of the 
exhibits or to the co-visibility of the visitors (Wineman and Peponis 2010, Stavroulaki and Peponis 
2005; Tzortzi 2004). But, in a home, this kind of mapping of individuals to specific spaces does not 
make sense. As residents of a home make minor incidental changes to their behavior in response to 
changing syntactical conditions of the rooms they happen to be in, these changes cannot be linked to 
syntactical values of specific rooms in a home—residents are best matched to entire homes. 

This problem invites us to think robustly about the mechanism that can match specific patterns of 
behavior to the syntactic structure of the home as a whole. Our approach is to assume that the syntactic 
structure of the home will lead individual residents to develop habitual patterns of occupation and 
behavior and that these will have implications for health. A strong argument in favor of this approach is 
that it gives the requisite agency to people rather than to space, that is, it allows individuals room to 
exercise choice and discretion as they go about their daily activities while still acknowledging the role 
that space may play in influencing them. There is some precedent for empirical studies based on this 
idea. One such attempt was made in Bafna and Chambers (2013), where it was posited that, within the 
apartments of low-income Latino households, residents of houses with higher degree of overall 
integration would show higher levels of sedentary activity. In another study of low-income Latino 
population, Chambers et al. (2018) found that women in homes with centrally located communal rooms 
showed significantly reduced chance of screening positive for probable depression. 

Narrowing the inquiry: home layout and mental health 
Can we use this approach to make more explicit argument about linking space not just to patterns of 
behavior, but specifically to those that can have a demonstrable impact on health? One possibility is to 
think of the daily life in the home as involving a basic and often unconscious form of problem solving; 
this can include things like keeping track of the various items in the home and of other members of the 
household, selecting between alternative routes while going about daily activities, and planning 
activities with specific routes in mind. These problems necessitate working with a mental map or 
model of the home in the occupant’s mind. It follows that some kinds of spatial organizations of the 
home could pose more complex cognitive mapping problems for the inhabitants, or at least require a 
little more effort in the conduct of daily life, particularly as they age and begin to show cognitive 
decline. Evidence for this is already available in several studies. For example, an association between 
levels of cognitive function and ability to carry out activities of daily living has been noted in a number 
of cross-sectional studies of older persons (reviewed in Barberger-Gateau & Fabrigoule, 1997) with 
mixed-etiology dementia (Glosser et al., 2002; Vallotti et al., 2001, Herlitz et al. 1995), or probable 
Alzheimer’s disease (Perry & Hodges, 2000; Van Rhijn et al., 2004). These studies showed that the 
association between cognitive impairment and functional disability is particularly strong on tests that 
draw on visual-perceptual abilities. 
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This mechanism is still non-specific as the types of problems we list vary and their relationship to 
spatial organization can also vary significantly. At a general level, the mechanism makes even the 
direction of the relationship between layout and mental health difficult to predict. A larger house, with 
a greater number of rooms, would naturally be expected to offer greater mental challenges. However, it 
is also true that such houses often tend to be better organized, creating better possibilities of ‘chunking 
items,’ or associating them and can thus be easier to manage mentally. Hierarchical organization is a 
key feature of our spatial memory (McNamara and Rump 2008: 160-2).  

This non-specificity allows us room to formulate and pursue specific hypotheses; a provisional one 
is that the relative number of connections between rooms, that is, the average connectivity per room in 
the home, will show a positive association with their older residents’ mental ability. The reasoning 
behind this hypothesis is as follows. Homes with greater average connectivity would have more rings 
and so offer more alternative routes for navigating and for mental planning of activities of daily living. 
This would, in turn, increase the cognitive load on the residents as they go about in their daily life. 
Intrinsic cognitive load effects of tasks have generally been associated with creating difficulty in 
learning (Sweller 2011, Paas and Sweller 2012). However, if the load is considered germane to the task 
at hand, and, in particular, involves consideration of alternatives or variations in the way the task may 
be approached, its effect—the ‘variability’ effect as it is called in the literature on cognitive load 
theory—may contribute positively to learning (Paas and van Merriënboer 1994, Sweller 2011). Homes 
are normally designed to help residents organize their lives, and one of the aims of spatial organization 
is to reduce the cognitive load on the residents that is associated with the execution of the activities of 
daily living. But the relatively gentle increase in cognitive load that may come from increase in 
alternative routes ought to provide a variability effect, and so possibly help them overcome mental 
decline that comes with age. If this is correct, then adults in homes with greater average connectivity 
ought to show better cognitive ability. 

2. Datasets and Methods

Study Design 
The ongoing study engaged with a cross-sectional survey of community-dwelling older adults within 
the greater Atlanta area. Participants were selected using convenience sampling, through fliers and 
word of mouth. The participants had to be 60 years and older, live in their own home, have no known 
cognitive or orthopedic issues, and have the desire to stay in their own home. Any participants with 
current orthopedic, neurological, vision, or movement (non-ambulatory) issues were excluded from the 
study. The results reported here are based on a sample of 47 adults, living in 45 homes.  

Cognitive Ability Measures 
We used the Montreal Cognitive Assessment (MoCA) to measure general cognitive ability given its 
reliability and validity, created in 1996 by Ziad Nasreddine and colleagues in Montreal, Quebec 
(Nasreddine et al., 2005). It is a one-page (30-point) test administered in approximately 10 minutes that 
assesses several cognitive domains: a) short-term memory, b) visuospatial abilities, c) multiple aspects 
of executive functions, d) attention, concentration, e) working memory and f) language and orientation 
to time and place. The MoCA has excellent internal consistency (alpha = 0.83), test-retest reliability (r 
= 0.92), and concurrent validity (r = 0.87) (Nasreddine et al., 2005). It can be used as both a screening 
instrument for cognitive impairment as well as an assessment of cognitive ability and to track change 
over time (Koski, Xie, & Finch, 2009.) 

Syntactical Measures 
Syntactical data associated with each individual were determined by mapping the individuals’ homes. 
Home plans were drawn and measured using a laser measure and analyzed using Depthmap version 
10.14.00b (Copyright: University College London, Alasdair Turner, Eva Friedrich, 2010-11), and 
checks for the Depthmap values were performed using the iGraph package for R (Depthmap 
Development Team, 2017; Cspardi and Nepuz, 2006; see Appendix 1). 

Homes were partitioned into their component spaces using a boundary-map method. In general, 
rooms which could be closed off by shutting the doors were counted as single spaces. Where no actual 
door existed between rooms, if the geometry of the rooms made it clear there were two distinct spaces, 
the room was partitioned into two. The main reason for using the boundary partition procedure was to 
generate a model of the house that closely mirrored the inhabitants’ own mental organization of it. 
Almost all component spaces in this model are rooms with specific labels, or with distinct activities or 
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There are additional practical benefits of modeling this way: i) the interpretation of ‘links’ in the graph 
is straightforward as they correspond with doorways or transitions between rooms, ii) the plan of the 
house could be drawn relatively easily, and iii) errors in plan drawings are easy to check and their 
potential impact easily understood. In VGA analysis that is more common in space syntax studies, even 
a small error in the length of an internal partition or size of a doorway may create unpredictably large 
changes in overall depth, so that validity of the variables describing the space is difficult to establish; 
the boundary map, in comparison, is more robust in the face of small errors of mapping. The prediction 
variable used in our study was the average connectivity value of each boundary space (in effect, each 
labeled room). This is one of the more basic syntactical indices computed for the graph of any spatial 
setting, but its simplicity is a strength here. It is straightforward to interpret (although as we will 
discuss later, a little less amenable to practical concerns) and errors in computation are easy to change. 
What matters most for us is it is a good proxy for some latent characteristics of the house.  

Data Collection, Preparation of Datasets, and Analytical Software 
This study was reviewed and approved by the Georgia Institute of Technology and Georgia State 
University’s Internal Review Boards (IRB) prior to data collection. All researchers were trained in data 
collection procedures to ensure reliability for all data collection. All participants signed consent forms. 
Participants agreed to two-hour home visits in which the researchers administered MoCA and mapped 
the home layout using a laser measure. R (R core team, 2018) was used for statistical analysis; R 
packages ‘car’ (Fox and Wiesburg, 2011), ‘arm’ (Gelman and Su, 2018), and ‘betareg’ (Cribari-Neto & 
Zeileis, 2010), were used to create diagnostic simulations and to some regression models.  

3. Results and discussion

Standard procedure was followed for the analysis of data. Descriptive statistics of individual variables 
were examined for anomalies in the range or average values or notable outliers; correlations of 
predicted variables were examined to detect problematic multi-collinearity. Following this preliminary 
work several multiple-regression models testing different hypotheses were computed, checked, and 
compared with a view to analyzing the data. No data points were excluded in any of these models. 

Table 1: Summary statistics of study variables 

Variable N (%)* Mean (SD) Range 
Average Age 71.38 (9.11) 60 - 92 
Gender 
Male 14 (30 %)  
Female 33 (70 %)  

Education 
No High School 2 (4 %) 
HS / Assoc 23 (50 %) 
All College 22 (47 %) 

Income 
Less than 20,000 3 (6 %) 
20,000-34,999 7 (15 %) 
35,000-49,999 8 (17 %) 
50,000-74,999 8 (17 %) 
75,000-99,999 3 (6 %) 
Over 100,000 18 (38 %) 

MoCA 30 24.83 (3.82) 15 - 30 
HS_Mean Depth 2.99 (0.69) 1.87 - 4.82 
HS_Connectivity 2 (0.18) 1.67 - 2.36 

* Note: Percentages may not add up to 100 as a result of rounding
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Preliminaries 
Age, gender, and education are variables routinely used in adjustments to MoCA scores. We 
considered them as co-variates in the models used to investigate the relationship between the MoCA 
scores of the participants and average connectivity of their homes. In addition to these scores we also 
included income as a co-predictor. Table 1 summarizes the basic descriptive statistics for each of the 
variables. Data collected for the educational background of the participants ranged over seven 
categories, but we merged them into three: education below high school levels, high school and some 
college experience, including an associate degree, and education including college degree from 
bachelor’s onwards. This was done to match categorization that is common in normative studies of the 
MoCA (Borland et al. 2017; Koski, Xie, and Finch, 2009). We collected income data for six plus 
categories as indicated in Table 1. Overall, our group sample had a high level of education, with nearly 
half the sample (47%) reporting at least a bachelor level of education. This value is marginally higher 
than the overall proportion of 37% of Atlanta adults older than 65, or 42% older than 45 who have a 
bachelor’s degree or above (U.S. Census Bureau, 2013-2017). Participants in our sample also reported 
slightly higher levels of income as compared to the general distribution of income in Atlanta. The 
MoCA scores of the participants in our sample (mean = 24.8; sd = 3.82) match quite closely with 
normative values derived from studies of the US population at large, once their relatively greater age 
and somewhat higher levels of education are accounted for (Rosetti et al., 2011). 

The average connectivity values of the participants’ homes ranged from 1.6 to 2.4, with a mean of 
2 (sd = 0.69). This is a reasonable range for contemporary single-family houses, where the typical 
bedroom or other private room would be expected to have only one door connecting it to the rest of the 
home. As we will discuss later, homes with average connectivity values of 2 or above have rings by 
mathematical necessity. Only about 30% of homes in this sample have purely tree-like layout of rooms. 
Amongst the predictor variables, age had no correlation with average connectivity (R = -0.06). It was 
weakly correlated with education (R = -0.33), and slightly more strongly with income (R = -0.41). For 
modeling we treated the three categories of education and six categories of income as being ordinally 
arranged. These correlations are not surprising; college education is likely to be higher amongst people 
who came of age after the fifties, so those younger than 80 years. Given that many people in their 
sixties within our sample were likely to be still employed or wage earning, or living with spouses who 
are not retired, one would expect income to fall for older adults. Education and income categories, 
taken ordinally, also showed a weak correlation (R = 0.32). Similar correlation was also found between 
both these categories and the average connectivity values (R = 0.27 for education, and R = 0.35). This 
is more difficult to explain directly. We believe it is a lingering effect of the strong correlation between 
average connectivity and total number of spaces in the house within which each home is partitioned, a 
correlation explained to a great extent by mathematics and social status rather than empirical facts. 
Higher education tends to increase lifetime earning power. The correlation of connectivity with 
income, then, is just an effect of the underlying correlation of size of houses with their residents’ 
income and levels of education. When we examine a linear model for connectivity in which the number 
of rooms is added as a predictor along with education and income as co-variates, the association of 
connectivity with either of these co-variates disappears almost entirely, thus giving some validity to our 
reasoning. None of the variables showed significant difference for men as compared to women within 
our sample and this appears to be in line with what other studies of normative data for MoCA scores 
have generally found.  

All these comparisons give us confidence that our relatively small sample captures a reasonably 
representative sub-set of the slightly better educated and somewhat better-off elderly population in 
Atlanta. More importantly, we see no large biases in the relation of connectivity values to the 
demographic co-variates.  

Modeling cognitive ability 
For a rough check of our hypothesis, we regressed MoCA scores directly on average connectivity 
(Figure 1). The results were encouraging: R2 = 0.12, F = 7.5 (1, 45), p = 0.009 (Table 2; model 1). 
Particularly noteworthy was the unexpectedly high value of co-efficient for average connectivity (β = 
8.6 ± 3.0; p < 0.009), which translates into a 95% confidence interval (CI) of 2.9 –14.4. The overall 
model improved considerably when we included education and age as additional predictors, (adj. R2 = 
0.42, F = 12 (3,43); p = 6.8 x 10-6; see Figure 2 and Table 2 (model 2)). The co-efficient for average 
connectivity was significant, corresponding with a 95% CI of (0.9, 10.7), slightly narrower than in the 
previous model. Income and gender did not significantly associate with MoCA scores and were 
excluded from the models; this move is supported by the fact that there is equivocal evidence about the 
effect of these variables on MoCA scores (compare for instance, Rosetti et al., 2011 and Borland et al., 
2017). A nested model with only age and education as predictors produced an R2 of 36%, which means 
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that average connectivity could independently explain about 6% of the systematic variation in MoCA 
scores in our sample. 

Alleviating concerns about MoCA score as a bounded variable 
MoCA scores vary between 0 and 30, and this upper and lower bound creates potential problems in 
ensuring the core assumptions behind OLS regression are met. There is a strong possibility of 
heteroscedasticity as well as skewness in residuals from the model, particularly given that scores in a 
healthy population might cluster in the higher regions of possible score range. OLS regression is 

Figure 1: Relationship between MoCA scores and average connectivity; the best fit line created by OLS regression explains 
about 14% of the variation in scores. The size of points increases with age, and darker points represent men. 

Figure 2: Relationship between average connectivity and MoCA scores, taking age and educational attainment into 
account. The best fit line (solid) from multiple OLS regression model shows how predicted scores for a 71 years old 
individual with education past high school, but no college degree, vary with the average connectivity of the person’s 
home. Grey lines show other simulated fit lines that are consistent with the data; they give a sense of the predictive 
uncertainty of the model. The dotted line is best fit line from OLS regression with average connectivity as the sole 
predictor, shown in figure 1. As in figure 1, the size of points increases with age, and darker points represent men. 

6

 Proceedings of the 12th Space Syntax Symposium 



generally robust against departures from these assumptions, and diagnostics from our model did not 
reveal any patterns of concern (Figure 3). This was confirmed by a Breusch-Pagan test, which 
computes the probability of a specific chi-square (X2) statistic derived from its residuals, assuming a 
null hypothesis of homoscedasticity; it returned a high p-value of 0.25 for our model.  

It is still intructive to model MoCA scores using alternative modeling techniques better suited to 
the outcome variables of this kind. Beta regression has been proposed as one technique to deal with 
bounded outcome variables, and especially for data occurring naturally as proportions (Ferrari and 
Crebari-Neto 2004; although see also, Smithson and Verkuilen 2006). Because this test only models 
continuous variables that take values between 0 and 1, we rescaled the MoCA scores of our 
participants to indicate proportions of the maximum range possible. Results from the beta regression 
model as predictors are shown in Table 2 (model 3). This model was based on a logit link for the 
means sub-model and identity link for the precision sub-model, using proportional scores as the 
outcome variable and average connectivity, age, education as predictors. As the tables show, there is a 
decided improvement in this model as compared to the OLS model. The pseudo-R2 value, which 
provides a rough comparison with the R-square of the OLS regression, is 0.46, and the individual co-
efficient estimates show smaller p-values. Both these indicate a marginally better goodness-of-fit 
statistics for the beta regression as compared to the OLS method.  

The comparison of the predicted confidence intervals for average connectivity co-efficient 
obtained from this model with the OLS model is a little more difficult, since the relationship between 
the predictors and the outcome variable is non-linear in the beta regression model. The 95% confidence 
interval for the odds ratio given by the model is 1.22–6.38. So, if the score predicted by a specific value 
of average connectivity has a MoCA score of 15.5, our data would be consistent with an observed 
increase of MoCA scores of any value within an interval of (1.5, 10.4) at the 95% confidence level. 
This is only a little narrower than the CI associated with the OLS model, and with a comparable rate of 
change. The difference between the two models is more pronounced near the top values of the MoCA 
scale; counting from a base value of 22, the 95% CI, of increase on the MoCA scale is much smaller at 
1.04--6.26. Figure 4 offers a visual comparison of best fit lines from all three of our models. In general, 
beta regression techniques have greater validity given their explicit modeling of variance, but in our 
case, the estimates from the simpler OLS regression are good enough to give us a good sense of the 
variation associated with average connectivity. 

Some questions about the interpretation of observed association between connectivity and MoCA 
scores: 
One conceptual issue in the statistical hypotheses implied in the models above is that MoCA is not a 
measure of cognitive ability; it was only designed to ensure a quick and easy delivery of a screening 
test for cognitive impairment. Even if one may assume that the MoCA scores correspond to levels of 
cognitive ability, the validity of using the raw scores as measures of cognitive ability may still be 
questioned. 

Figure 3:  Diagnostic plots for OLS model in figure 2. Apart from some mild outliers and a slight skew, no large problems 
are discernible amongst the residuals; there is possible heterodescacity, but it is disconfirmed by the Breusch Pagan test. 
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A response to this issue is to consider using as the outcome variable, not the actual MoCA scores, but a 
scaled version of them constructed using Rasch analysis. Koski, Xie, and Finch (2009) have developed 
one such scale. A multiple OLS regression with our three predictors, and the score on this cognitive 
ability scale as the outcome variable, gives results consistent with the previous models: R2=0.45, F = 
14 (3, 43), p = 2.2 x 10-6). The coefficient of average connectivity is 2.09 ± 0.82, translating into a 95% 
CI = (0.48, 3.70) on a scale that ranges from 4.92 to - 4.13. So, depending on our confidence in the 
data, a reasonable case can be made for a systematic relationship between average connectivity of a 
home and the cognitive ability of the residents. 
A second concern about our results is methodological and somewhat more serious: the upper limit of 
the confidence intervals estimated for the change in MoCA scores (whether scaled or not) is 
unnaturally large. It seems unrealistic to expect systematic differences of about 10 points on MoCA 

Figure 4: Relationship between MoCA scores expressed as proportions of their maximum range with average connectivity 
of homes with best fit lines from three different models superimposed. As in figure 1, size of points increases with age, and 
darker points represent men. The dark line is computed from a beta regression model and represents proportional scores 
expected for a 71 year old individual, with an education past high school but no college. The light grey line shows 
proportional scores predicted by an OLS regression model for an individual of the same age and educational attainment. 
The dotted line shows proportional scores predicted from an OLS regression model with only average connectivity as a 
predictor; it is the same fit line as in figure 1. Note the almost negligible difference between scores predicted from the beta 
regression and those scores predicted using thde OLS regression (the dark and light gray solid lines); however, there is a 
decided improvement of the precision in the parameter estimates using beta regression although that is not illustrated here.  

Estimate Std. Error t value Pr(>|t|) Adj. R Sq. F (df) Pr(>F) 
1   OLS Regression with MoCA scores as response 0.12 7.5 (1,45) 0.0086 
(Intercept) 8.62 5.92 1.46 0.15 
avg. connect 8.1 2.95 2.75 0.01 
2   OLS Regression with MoCA scores as response 0.42 12 (3,43) 6.83 x 10-6 
(Intercept) 19.81 6.31 3.14 3.4 x 10-3 
avg. connect 5.79 2.49 2.32 0.03 
age -0.16 0.05 -3.25 2.2 x 10-3 
education 2.07 0.81 2.54 0.01 

Estimate Std. Error z value Pr (>|z|) Nag. R Sq. LL (df) 
3   Beta regression with rescaled MoCA scores (0-1) as response 0.46 52.96 (5) 

Means submodel (logit link) 
(Intercept) 0.42 1.37 0.31 0.76 
avg. connect 1.51 0.56 2.69 0.01 
age -0.04 0.01 -3.79 1.5 x 10-4 
education 0.44 0.17 2.56 0.01 

Precision submodel (identity link) 
phi 14.92 3.09 4.84 1.32 x 10-6 

Table 2: Comparative parameter estimates from two OLS and the beta regression models 
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scores based on an external factor like home morphology. This gives us good reasons to suspect that 
the observed effects may at least partly reflect noisiness of data rather than a true relationship. There is, 
however; a mitigating consideration here: average connectivity is measured on a very large scale, so 
that the entire range of average connectivity value for our homes is only a little more than half of a unit 
difference (between 1.7 and 2.3). Adding or removing an opening between two adjacent rooms, which 
is the smallest design move affecting average connectivity would typically change it by about a tenth of 
a unit in the average home. A better sense of the magnitude of change corresponding to change in 

average connectivity is to compute the change in MoCA score that is associated with approximately a 
tenth of the change in average connectivity. This comes to about 1 MoCA score point on the raw scale. 
The value is not inconceivable but does not completely alleviate worries about the noisiness of data.  
The best way to deal with this issue, naturally, is to use a larger data-set to develop our models. But 
another way to deal with this issue is to try a somewhat different hypothesis on our data, this time 
predicting not actual MoCA scores or cognitive ability in general but the difference in the odds of 
being screened positive for cognitive impairment, given some difference in average connectivity. This 
kind of hypothesis is well suited for data obtained from the MoCA test, since the test is often used to 
predict odds of screening positive for mild cognitive impairment (MCI). Conventionally, a score of 26 
is taken as the cut-off point below which MCI might be suspected. Of late however, studies have 
challenged the idea of a single valued cut-off, claiming this leads to large numbers of false-positive 
identifications (Carson, Leach, and Murphy, 2018; Borland et al. 2017). With these studies in mind we 
created a binary outcome variable that takes a value of 1 for those individuals whose scores were below 
cut-off values suggested by Borland et al. (2017) as being appropriate to their age and education and 0 
for the rest. Since this variable already takes the age and education of the participant into account, our 
model needs to only include average connectivity as the predictor. The results of this model—a 
generalized linear model with a logit link—are visualized in Figure 5. The coefficient for average 
connectivity under this model (expressed as log odds) is -3.8 ± 2.0 (p = 0.05); this converts into 0.42 
times decrease in the odds of screening positive for MCI for every unit increase in average 
connectivity. Figure 5 shows the estimated change in prediction on a more understandable probability 
scale: after accounting for age and education, the probability of screening positive for MCI is about 0.6 
in a residence with average connectivity of 1.7, but it falls below 0.2 in homes with average 
connectivity of 2.3. Although the prediction is more uncertain, the underlying assumption that average 
connectivity values relate to the probability of having generalized mild impairment to cognitive ability 
seems much more defensible, as compared to one that argues of an actual change in cognitive ability 

Figure 5: Best fit line from logistic model illustrating the change in the estimated probability of screening positive for MCI 
(scores lower than established cut-off values) as average connectivity of individuals’ homes varies. The grey lines in the 
background show the uncertainty in the estimate of the fit line. Points in the band on the top represent individuals whose 
scores fell below the cut-off values appropriate to their age and educational attainment.
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based on the average connectivity of the home. It gives greater room for individual variation in 
response to the spatial organization of the home and assumes less determinism in the influence of space 
on psychosocial aspects of human life.  

4. Conclusions

Implications for home morphology and design 
Our data show that it is possible to frame the relationship between connectivity and MoCA scores in 
various ways with each requiring different levels of commitment to our confidence about the 
underlying mechanism. In order to choose between these methods, it is useful to think about the 
mechanism from a morphological perspective. What is it about average connectivity that creates a 
systematic or predictable association with variations in cognitive ability or its relative incidence? Since 
average connectivity is associated with both number of spaces and number of rings in the home, two 
plausible hypotheses arise. The first is the possibility that the association between average connectivity 
and cognitive ability is only an artifact of the effect of size of the home on cognitive ability, with the 
underlying implication that habitation in larger houses (those with more rooms) is consistent with 
having greater resources at one’s disposal, and so with better performance on cognitive ability tests. 
The second possible hypothesis is that cognitive ability is influenced directly by the number of rings in 
the house, since it is rings that produce alternative paths and so increased cognitive demand for the 
residents. The data in our sample are not quite consistent with either of these hypotheses; a model with 
the number of spaces as predictor instead of average connectivity had too large a standard error (β = 
1.74, std. err. = 1.04, p = 0.10) to give us confidence the relationship was significant, and we can see 
from our own models (Figures 2 and 3), that the association between connectivity and cognitive ability 
variables at different scales holds for homes with no rings as well.  

An important point lurking in the background here is that average connectivity, the number of 
spaces in the home, and the number of rings in it are mathematically related. The relationship between 
the three can be described using Euler’s polyhedral formula, but it can also be derived independently 
by beginning with a single-room home, that is with a system of two spaces (n), one of which is the 
exterior, and one doorway (d) connecting them, so d = n -1. Any addition of a non-redundant doorway 
(that is, a doorway that does not connect two rooms already connected), can only be done in two ways, 
either by creating another room to which the door will open, or by adding a ring (r), so that d = n + r -1. 
Given that the average connectivity of the home is twice the number of doorways, divided by the 
number of rooms in the home, the average connectivity (ca) can be expressed as: 

ca = 2 (n + r – 1 / n) 

The relationship is plotted in figure 6, with the homes in our sample superimposed. The point to note 
here is that for a home with no rings, the average connectivity rises with increase in the number of 
spaces of the home; it stays constant in homes with one ring (average connectivity = 2), and falls for 
homes with two or more rings, so long as the number of rings is kept constant. If the association of 

Figure 6: The relationship between average connectivity of the home and the number of rooms in it. Each of the six curves 
corresponds to the relationship when the number of rings, indicated at the end of the curve, is kept constant. Small circles 
(several superimposed) mark the individual homes in our sample.
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average connectivity and MoCA scores, is partly due to the number of rooms and the number of rings 
in the home, one could surmise that the association of spatial layout and mental ability may be different 
for homes in different categories: those with no rings, those with one ring only, and those with more 
than one ring. These hypotheses need to be tested further, but the limited number of samples in our data 
currently do not allow room for further exploration.  

It is also interesting to look at our data in finer detail. The scatterplot of average connectivity and 
MoCA scores, plotted in figure 1, might lead to the suspicion that the lone observation point at the 
bottom left, with very low average connectivity and very low MoCA score, might be a point of high 
leverage, and so might be contributing to creating a much sharper slope than is otherwise warranted. 
Indeed, by purely visual inspection, it appears that if that point were excluded from the analysis, there 
would be no correlation for data with average connectivity below 2. As it turns out, while the leverage 
for this point is quite high in the model with only average connectivity as a predictor; the leverage of 
the point in a fuller model with age and education as additional predictors, reduces sharply. Our results, 
therefore, seem to have robustness that is not severely affected by exclusion of a few key seemingly 
outlying points.  

A positive aspect of our approach, particularly relying on simple and easily interpretable syntactic 
measures is that they lead to quite straightforward implications for design. Trusting provisionally what 
our data are telling us, a combination of increase in the number of rooms in a home and the provision 
of a larger number of redundant navigational paths through the home seem to have a predictably 
positive impact on the cognitive health of its residents. This is surprising in the context of the broader 
literature on cognitive maps and wayfinding where clarity of pathways usually equates to directness, 
not redundancy. The large amount of predictive uncertainty in our estimates (the large confidence 
intervals we obtained for all our models), is a sign that the effect of the home on the individual is not 
deterministic, but stochastic, and dependent to a large extent on individual-level characteristics be too 
difficult to tease out through this model alone. The fact that scaling the MoCA scores on a logit scale 
(as is done in both the beta regression model and the scores derived from the Rasch analysis) improves 
the estimates, further tells us the impact is more likely to be felt by individuals who are on the cusp of 
cognitive decline, perhaps in a state where MCI may be indicated. 

Naturally, the cross-sectional study that we present do not allow us to impute causality to the 
relationship of the home environment and cognitive ability, so there may be reasonable objections to 
our speaking of the ‘effects’ of the home layout. But we believe we are on firmer ground than it may 
initially seem. If the association is systematic, then causality can hardly go the other way; it seems odd 
to imagine that individuals with high cognitive ability would systematically seek out homes with higher 
connectivity. The only alternative to causal connection we can assume then is that a common causal 
factor that influences both connectivity values and the organization of the home may be lurking behind 
our data, unknown to us. While this is true theoretically, in practice we are hard-pressed to imagine 
what such a factor could be. It is also possible of course that the observed association is entirely 
circumstantial, but even this seems to be less believable than the simpler assumption of a causal effect 
of the home on the resident. In any case these matters are best teased out with additional data, sharper 
hypotheses and revised methods; we plan to pursue these alternatives in future work. 

Note on individual contributions 
Sonit Bafna was the lead author for the arguments presented in this paper. The aims and the general hypotheses for 
the overall study were developed jointly by Kinsuk Maitra and Sonit Bafna. Kinsuk Maitra and Yoonjeong Lim 
developed the battery of instruments to be used in the questionnaire set and the sampling strategy. Yoonjeong Lim 
had primary responsibility for data collection and preparation of data sets, including the training and co-ordination 
of student assistants who interviewed the participants and measured their homes. Elysse Newman contributed 
critical reviews of the arguments presented and helped contextualize the argument presented here in relation to the 
work in cognition and the environment. Manasi Shah was responsible for creating the syntactical variables by 
preparing and analyzing the home plans; she also contributed to the preparation of the manuscript, including 
interpretations of the morphological data.  
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