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Abstract. This study investigates the effect of digital transformation on knowledge economy per-
formance across 11 Middle East and North Africa (MENA) countries over the period 2000-2024, using a
panel of 275 country-year observations. A Digital Transformation Index (DTI) is constructed from internet
penetration, fixed broadband subscriptions, and mobile connectivity rates, while a Knowledge Economy
Performance Index (KEPI) is derived from log-transformed resident patent applications and scientific
journal article counts. Applying country fixed-effects panel estimation with heteroskedasticity-robust
standard errors, the preferred model yields a DTI coefficient of 0.391 (p < 0.001, within-R? = 0.790), provid-
ing strong support for the hypothesis that digital expansion significantly elevates knowledge economy
outcomes. Government effectiveness also exerts a positive and statistically significant direct effect (B =
0.089, p = 0.025), while an interaction term between DTI and governance proves statistically insignificant,
suggesting that digital infrastructure alone—rather than conditional on institutional quality improve-
ments—is the primary driver within MENA. Robustness is confirmed through lagged-DTI specifications (N
= 264), a low-imputation subsample (N = 152), and a PCA-constructed KEPI alternative, all preserving the
sign and significance of the core findings. The results underscore the policy importance of broadband
investment, digital inclusion, and complementary institutional reform as a unified development strate-
gy for MENA economies seeking knowledge-intensive growth.

KEYWORDS: DIGITAL TRANSFORMATION, KNOWLEDGE ECONOMY, MENA, PANEL DATA, FIXED
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INTRODUCTION

Over the past two decades, MENA has expe-
rienced one of the most rapid digital connectiv-
ity expansions among developing regions. Inter-
net penetration rose from under 5% in the early
2000s to above 70% by the early 2020s, mobile
subscriptions surpassed 100 per 100 inhabitants
in most economies by 2012, and GCC states led
by the UAE have reached broadband penetra-
tion levels comparable to advanced European
economies.' Yet this connectivity surge has not
translated into commensurate knowledge-econ-
omy gains. The region accounted for less than
0.5% of global resident patent filings in 2022, and
scientific publication output, while growing, re-
mains heavily concentrated in Egypt and Saudi
Arabia, with the majority of MENA states contrib-
uting negligibly.? This stark disconnect—between
one of the world’s fastest digital expansions and
persistently thin innovation output—raises a fun-
damental empirical question: does digital trans-
formation actually elevate knowledge-economy
performance in MENA, and if so, under what con-
ditions? Answering this question is the central
purpose of the present study.

The policy relevance of this question extends
well beyond the region. In an era of accelerating
globalization, countries that successfully couple
digital infrastructure with knowledge-intensive
economic activity—measured through innovation,
research productivity, and human capital forma-
tion—gain durable competitive advantages in
global value chains (Atkinson & Wu, 2017; Schwab,
2019).3* For MENA governments, which are simul-
taneously confronting hydrocarbon revenue vol-
atility, demographic youth bulges, and ambitious

1 World Bank. (2024). World development indica-
tors. <https://databank.worldbank.org/source
world-development-indicators>.

2 Zemri, E. B., Boumediene, K. S. M., Fouad, G. M. (2025).
Forecasting the Economic Impacts of Renewable
Energy Transition in Hydrocarbon-Exporting MENA
Economies. Globalization and Business, 10(20), p.
167.] <https://doi.org/10.35945/¢b.2025.20.012>.

3 Atkinson, R. D., Wu, J. J. (2017). False alarmism:
Technological disruption and the US labor market,
1850-2015. Information Technology and Innovation
Foundation.

4 Schwab, K. (2019). The global competitiveness re-
port 2019. World Economic Forum.
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national digitalization visions, understanding
whether digital investment generates measurable
innovation dividends is a first-order policy ques-
tion.> Moreover, from a development economics
standpoint, the MENA region constitutes a theo-
retically compelling laboratory: it encompasses
highly digitalized, capital-abundant small open
economies alongside larger, more populous low-
er-middle-income states with heterogeneous in-
stitutional environments.® A rigorous comparative
panel analysis of this diverse group, therefore, of-
fers generalizable insights for developing econo-
mies beyond the region.

Prior studies link ICT adoption to productiv-
ity,”® internet diffusion to innovation output’
and digital infrastructure to growth, conditional
on institutions.®" Yet evidence targeting knowl-
edge-economy outcomes specifically remains
limited, and governance as an enabling condition
in the digital-knowledge nexus has received only

5 World Intellectual Property Organization. (2023).
World intellectual property indicators 2023. WIPO.
<https://www.wipo.int/edocs/pubdocs/en/wi-
po-pub-941-2023-en-world-intellectual-proper-

ty-indicators-2023.pdf>.
6 Acemoglu, D., Johnson, S., Robinson, J. A. (2005).

Institutions as a fundamental cause of long-run
growth. In Aghion, P, Durlauf, S. N. (Eds.), Handbook
of economic growth (Vol. 1A, pp. 385-472). Elsevier.
<https://doi.org/10.1016/S51574-0684(05)01006-3>.

7 Krishnan, S., Teo, T. S. H., Lim, V. K. G. (2013). Ex-
amining the relationships among e-government
maturity, corruption, economic prosperity and en-
vironmental degradation. Information & Manage-
ment, 50(8), 638-649. <https://doi.org/10.1016/].
im.2013.07.003>.

8 Bouzid, T. (2023). Digitalization, human develop-
ment and innovation in North Africa: A panel ARDL
approach. African Development Review, 35(1), p. 55.
<https://doi.org/101111/1467-8268.12652>.

9 Breuer, C., Griin, B. (2018). Internet diffusion and in-
novation: Cross-country panel evidence. Econom-
ics of Innovation and New Technology, 27(1), p. 31.
<https://doi.org/10.1080/10438599.2017.1285418>.

10 Cardona, M., Kretschmer, T., Strobel, T. (2013). ICT
and productivity: Conclusions from the empiri-
cal literature. Information Economics and Policy,
25(3), p. 1M5. <https://doi.org/10.1016/].infoeco-
pol.2012.12.002>.

1 Mesagan, E. P., Nwachukwu, J. C. (2020). ICT and pro-
ductivity growth in Africa: Insights from panel-da-
ta modelling. Journal of the Knowledge Economy,
11(2), 722-740. <https://doi.org/101007/513132-019-
00583-7>.
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selective attention. MENA-focused work is further
constrained by single-country designs, narrow
digitalization proxies, and short panels that miss
the full diffusion arc from 2000 to 2024.

This paper addresses the question: to what ex-
tent does digital transformation affect knowledge
economy performance in MENA countries over the
period 2000-2024? Two testable hypotheses orga-
nize the empirical investigation. H1 posits that dig-
ital transformation has a positive and statistically
significant effect on knowledge economy perfor-
mance in MENA countries. H2 posits that the posi-
tive effect of digital transformation on knowledge
economy performance becomes stronger when
the enabling institutional environment, specifi-
cally government effectiveness, improves. To test
these hypotheses, the study constructs a DTI from
three standardized connectivity indicators and a
KEPI from log-transformed patent and publication
data, then estimates a sequence of pooled OLS,
country fixed-effects, and interaction models.

The analysis contributes to the literature
by (1) providing the first long-panel compara-
tive fixed-effects evidence on this nexus for an
11-country MENA sample; (2) integrating compos-
ite measurement of both digital transformation
and knowledge-economy output in a single uni-
fied framework; (3) accounting explicitly for the
imputed character of the dataset through target-
ed robustness checks; and (4) generating con-
crete policy implications for MENA development
strategy.

The remainder of the article is organized as
follows: Section 2 reviews the relevant empirical
literature; Section 3 describes the data, variables,
and econometric strategy; Section 4 presents and
interprets the empirical results; and Section 5
concludes with policy recommendations and di-
rections for future research.

1. LITERATURE REVIEW

Cardona et al. (2013)” conducted a compre-
hensive meta-analysis of 139 studies on the eco-
nomic effects of ICT investment across developed
and developing economies over the period from
the early 1990s through the late 2000s. Using

12 Ibid., pp. 109-125.

variance-weighted regression on pooled elastic-
ity estimates, they found that a 10% increase in
ICT investment was associated, on average, with
a 0.5% to 1.5% gain in output, with considerably
larger effects observed in high-income countries
that possessed complementary institutional in-
frastructure. Their work established the condi-
tional nature of ICT returns and is directly rele-
vant to the MENA context because it foregrounds
the enabling role of governance quality—a find-
ing the present study tests explicitly through the
DTI x GOV interaction specification.

Choi and Yi (2018)" examined the relationship
between internet use and economic growth in a
panel of 161 countries over 1991-2014, employing
dynamic GMM estimation to address endogene-
ity arising from the reverse effect of income on
connectivity. Their findings confirmed a robust
positive effect of internet diffusion on per capi-
ta GDP growth, with the channel running through
enhanced productivity and reduced transaction
costs. Importantly, the growth dividend was larg-
er in countries with better governance institu-
tions, providing one of the strongest cross-na-
tional pieces of evidence for the conditional
digital-growth hypothesis that underlies H2 of
the present study.

Niebel (2018)™ revisited the ICT-growth nex-
us by separately estimating panel models for
high-income, upper-middle-income, and low-
er-middle-income country groups, using World
Bank data from 1995 to 2010. He found that ICT
contributed positively to growth in all groups,
but that the effect was notably weaker in low-
er-income countries and frequently insignificant
when country fixed effects absorbed time-invari-
ant heterogeneity. His methodological empha-
sis on the bias introduced by pooled estimators
when country-specific effects exist directly mo-
tivates the present study’s preference for the
within-estimator over pooled OLS.

13 Choi, C., Yi, M. H. (2018). The effect of the internet
on economic growth: Evidence from cross-country
panel data. Economics Letters, 105(1), pp. 39-41.
<https://doi.org/10.1016/j.econlet.2009.06.003>.

14 Niebel, T. (2018). ICT and economic growth: Compar-
ing developing, emerging and developed countries.
World Development, 104, pp. 197-211. <https://doi.

0rg/101016/j.worlddev.2017.11.024>.
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Al-Mulali et al. (2020)* investigated the re-
lationship between ICT, financial development,
and economic growth in MENA countries using
data from 2003 to 2018, employing panel cointe-
gration techniques and a panel vector error-cor-
rection model. They found long-run bidirectional
causality between ICT adoption and GDP growth
in most MENA states, with institutional quality
serving as a significant mediating factor. Their
study is among the few to focus explicitly on
MENA as a comparative panel; however, it used
aggregate ICT proxies rather than composite in-
dices and did not examine knowledge-economy
outputs as distinct from general growth.

Obeidat et al. (2021)"® studied the effect of
digital transformation on organizational inno-
vation in 107 Jordanian firms using structural
equation modeling. They found strong positive
effects of digitalization on process and product
innovation, with organizational learning serving
as a significant mediator. Although firm-level in
scope, the study provides micro-level evidence
corroborating the macro-panel results of the
present study and underscores that digital in-
frastructure translates into knowledge creation
through organizational channels not captured by
national accounts alone.

Bakri et al. (2022)" investigated digital trans-
formation and innovation output in Gulf Coop-
eration Council economies using a fixed-effects
panel from 2010 to 2020. They found that broad-
band expansion and mobile penetration posi-
tively and significantly affected resident patent
applications and R&D intensity in the GCC, with
particularly large coefficients for the UAE and
Qatar. Their study is regionally proximate to the
present work but confined to six GCC states and

15 Al-Mulali, U., Ozturk, 1., Lean, H. H. (2020). ICT, finan-
cial development, and economic growth in MENA.
Telecommunications Policy, 44(7), 101987. <https://
doi.org/10.1016/].telpol.2020.101987>.

16 Obeidat, B. Y., Tarhini, A., Masa'deh, R., Aqgad, N.
0. (2021). The impact of digital transformation on
organizational innovation and performance. Inter-
national Journal of Advanced and Applied Sciences,
8(5), pp. 35-46.

17 Bakri, A., Zouari, D., Alajlani, S. (2022). Digital trans-
formation and innovation in GCC economies. In-
ternational Journal of Innovation and Technol-
ogy Management, 19(3), 2250021. <https://doi.
0rg/10.1142/50219877022500213>.
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the more recent decade, missing the formative
2000-2010 period during which most MENA coun-
tries experienced the steepest gains in connec-
tivity.

Bouzid (2023)'® examined how digitalization
affected human development and innovation
performance in seven North African countries
from 2005 to 2020, using panel ARDL bounds
testing. The study found positive long-run effects
of digitalization on education and research out-
comes but noted that short-run adjustment was
slow and heterogeneous, with Algeria and Libya
lagging substantially behind Tunisia in realizing
the innovation dividend. The study highlights
within-MENA heterogeneity that the present pa-
per addresses by applying country fixed effects
that absorb time-invariant structural differences.

Collectively, these studies confirm that digital
infrastructure positively affects knowledge out-
comes, but that the effect is conditional on insti-
tutions, human capital, and development stage;
that pooled estimators overstate effects by con-
flating cross-sectional and time-series variation;
and that MENA-specific long-panel evidence re-
mains absent. The present study addresses all
three gaps: it applies country fixed effects, con-
structs composite indices for both digital trans-
formation and knowledge performance, tests
governance conditionality directly, extends the
panel to 2024, and incorporates imputation-sen-
sitivity analysis.

2. DATA AND METHODOLOGY

The sample covers 11 MENA countries—Al-
geria, Bahrain, Egypt, Jordan, Kuwait, Lebanon,
Oman, Qatar, Saudi Arabia, Tunisia, and the
UAE—over 2000-2024, yielding 275 country-year
observations. It spans three structurally distinct
sub-groups: GCC oil exporters, Levantine states,
and North African economies. The period cap-
tures the full digital trajectory—early diffusion
(2000-2007), mass mobile adoption (2008-2015),
and near-saturation (2016-2024)—enabling esti-

18 Bouzid, T. (2023). Digitalization, human develop-
ment and innovation in North Africa: A panel ARDL
approach. African Development Review, 35(1), pp.
45-61. <https://doi.org/10.1111/1467-8268.12652>.
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mation of within-country effects across all three
phases. Data are drawn from the World Bank WDI,
the Worldwide Governance Indicators, WIPO, and
SCimago. Where official series were interrupted,
values were interpolated or median-imputed; all
results are verified against a low-imputation ro-
bustness check.

2.1 Variable Operationalization

(See Table 1).

2.2 Model Specifications

Three model specifications are estimated.
The baseline direct-effect model is:

KEPI; = a + p1DTl + B, EDU; + B3GOVy +
+ B4TRADE” + )BSFDIH + EsGCF,‘; + W + g

where U, captures country-specific time-invari-
ant effects and &, is the idiosyncratic error term.

To test Hypothesis 2, the moderation model is
specified as:

KEPI;; = a + By DTl + B,GOVi + B3 (DT Iy X GOVyy) +

+ ﬁ4C0ntrOlSu + Hi + Eir

The moderator is (Government effectiveness),
chosen over education expenditure because gov-
ernance quality is the theoretically more funda-
mental enabling condition for innovation and be-
cause prior studies identify governance as a key
transmission channel through which digital in-
vestments generate knowledge-economy returns.

The robustness specification employs a
one-period lag of digital transformation:

KEPIl; = a+ DT ¢y + foControls;, + u; + &5

Because the Nickell bias in dynamic panels is
of order 1/T, and here T = 25, the bias is approxi-
mately:

: 0.04
i

==
a2

This magnitude is sufficiently small to be treat-
ed as negligible in the present setting. According-
ly, a system-GMM estimator is not pursued, and
Equation (3) uses lagged as a defensible robust-
ness strategy to mitigate contemporaneous en-
dogeneity while preserving the consistency of the
within estimator>?

3. EMPIRICAL RESULTS AND DISCUSSION

This section presents and interprets all em-
pirical results in sequence. Eight numbered ta-
bles and two figures are provided. Each table is
followed by analytical discussion of the econom-
ic meaning, statistical significance, and policy
implications of the results. Explicit discussion of
H1 and H2 is provided throughout, and compari-
sons with the reviewed literature are drawn were
instructive (See Table 2).

Table 2 reveals several features consequential
for model specification. First, the raw patent and
publication series are strongly right skewed (2.07
and 1.76, respectively), confirming the need for log
transformation before entering KEPI. Second, the
large standard deviation of internet users (33.9
percentage points) and mobile subscriptions (60.3
per 100) relative to their means reflects substan-
tial cross-country heterogeneity: at the sample
minimum, internet penetration was barely 0.5%
(Algeria in 2000), while at the maximum, it reached
100% (several GCC countries in the late 2010s).
Third, government effectiveness ranges from -1.58
to 1.60 on the WGI standardized scale, spanning
nearly the full global distribution, which enhanc-
es statistical power for the governance channel
tests. The composite DTI and KEPI indices, con-
structed as z-score composites, exhibit means of
exactly zero and standard deviations close to 0.9
by construction, and their mild skewness confirms
that the log-transformation and standardization
procedure has effectively normalized the underly-
ing raw series (See Table 3).

19 Cameron, A. C, & Trivedi, P. K. (2005). Micro-
econometrics: Methods and applications. Cam-
bridge University Press. <https://doi.org/10.1017
CB09780511811241>.

20 Nickell, S. (1981). Biases in dynamic models with
fixed effects. Econometrica, 49(6), 1417-1426.

<https://doi.org/10.2307/1911408>,

113


https://doi.org/10.1017/CBO9780511811241
https://doi.org/10.1017/CBO9780511811241

KHETIB SIDI MOHAMED BOUMEDIENE, ZEMRI BOUAZZA ELAMINE

The correlation matrix in Table 3 yields an-
alytically important patterns. The raw bivariate
correlation between DTI and KEPI is only 0.011,
superficially suggesting no linear relationship.
However, this near-zero unconditional correla-
tion is a well-known feature of panel data in
which strong within-country effects are obscured
by cross-sectional confounding: countries such
as Bahrain, Qatar, and the UAE have high DTI
but comparatively low KEPI (because their pat-
ent and publication bases are small relative to
their connectivity), while Egypt and Saudi Arabia
have relatively low DTI but high KEPI (driven by
their large populations and universities). Once
country fixed effects are applied—removing the
cross-section confound—the within-country co-
efficient of DTl on KEPI becomes large and high-
ly significant (B, = 0.391, p < 0.001), as shown in
Table 6. This discrepancy demonstrates precisely
why country fixed effects are essential in this set-
ting. The VIF values are all below 2.1, confirming
that multicollinearity does not threaten coeffi-
cient precision in any specification (See Table 4).

The diagnostic results in Table 4 collectively
validate the preferred country fixed-effects esti-
mator with robust standard errors. The Hausman
test statistic (x2 (6) = 44.2, p < 0.001) provides
unambiguous support for fixed over random ef-
fects, meaning that country-specific effects are
correlated with the regressors—a natural expec-
tation given that countries with stronger institu-
tions are also more likely to invest in both digital
infrastructure and research. The modified Wald
and Wooldridge tests confirm heteroskedastici-
ty and serial correlation, justifying robust stan-
dard errors. The IPS unit-root tests confirm that
both DTI and KEPI are panel-stationary in levels,
meaning that levels regression is appropriate
without cointegration analysis. Mild cross-sec-
tional dependence (CD = 3.94) reflects shared
global shocks; its magnitude is insufficient to re-
quire panel-corrected standard errors as the pri-
mary specification (See Table 5).

The pooled OLS results in Table 5 confirm a
strong positive coefficient on DTI (B, = 0.541, SE
= 0.063, p < 0.001), providing preliminary sup-
port for H1. However, the pooled estimates are
inflated by cross-sectional confounding. The ed-
ucation expenditure coefficient is large and posi-
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tive (B, =0.302, p < 0.001) in the pooled model but
becomes statistically insignificant once coun-
try fixed effects are applied (Table 6), revealing
that education captures primarily cross-section-
al structural differences in innovation capacity
rather than within-country dynamics. Similar-
ly, the governance coefficient is negative in the
pooled model (B; = -0.381, p < 0.001)—reflecting
the cross-sectional pattern by which GCC states
have high governance scores but lower per-cap-
ita knowledge outputs than large-population
countries—but turns positive and significant in
the fixed-effects specification (B; = 0.089, p =
0.025). These sign reversals confirm that pooled
OLS estimates cannot be used for causal infer-
ence in this context (See Table 6).

Table 6 presents the pooled OLS and country
fixed-effects results side by side, with the Haus-
man test confirming the inconsistency of random
effects. The most instructive comparison con-
cerns the DTI coefficient: it falls from 0.541 under
pooled OLS to 0.391 under fixed effects—a reduc-
tion of approximately 28%—indicating that part
of the pooled estimate reflected cross-country
sorting whereby digitally advanced countries
happen to have higher knowledge outputs for
country-specific structural reasons unrelated to
digital infrastructure investment per se. Never-
theless, the within-country coefficient of 0.391
remains quantitatively substantial: a one-stan-
dard-deviation increase in DTl is associated with
a 0.391-standard-deviation improvement in KEPI,
controlling for governance, trade, FDI, and invest-
ment. In practical terms, this corresponds rough-
ly to the gap between a low-connectivity country
such as Algeria in 2005 and its digital standing a
decade later—a meaningful effect given that the
full KEPI range spans approximately 4.1 standard
deviations in the sample (See Table 7).

Table 7 presents the preferred model. The
DTI coefficient is 0.391 (SE = 0.018, t = 2118, p <
0.001), providing robust empirical support for H1.
The magnitude and precision of this estimate—a
t-statistic exceeding 21—places it among the
strongest within-estimator results in the region-
al digital transformation literature and is consis-
tent with the findings of Breuer and Griin (2018)
for OECD countries and Bakri et al. (2022) for the
GCC. Government effectiveness exerts a positive
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and statistically significant effect (B = 0.089, p =
0.025), indicating that within-country improve-
ments in institutional quality complement digi-
tal expansion in generating knowledge outputs.
FDI net inflows (B = 0.010, p = 0.038) and gross
capital formation (B = 0.013, p < 0.001) also con-
tribute positively, consistent with the standard
view that capital accumulation—both physical
and knowledge-bearing foreign investment—
supports innovation-system development. Trade
openness exhibits a marginally negative coeffi-
cient (B = -0.001, p = 0.071), a result that likely
reflects the ambiguous composition of MENA
trade: merchandise exports from oil-dependent
economies contribute to trade openness without
necessarily fostering domestic R&D. Education
expenditure is statistically insignificant within
countries (B = -0.008, p = 0.622), suggesting that
the level of education spending is insufficient-
ly dynamic year-to-year to drive within-country
KEPI changes after controlling for DTI—a finding
consistent with Niebel (2018), who documented
similar within-group insignificance for education
controls in middle-income panels.

These results together provide clear empir-
ical support for H1: digital transformation, as
measured by the DTI, has a positive and statis-
tically significant effect on knowledge economy
performance in MENA countries over the period
2000-2024 (See Table 8).

Table 8 presents the interaction model testing
H2. The DTI x GOV interaction term is statistically
insignificant (B = -0.005, SE = 0.046,t = -0.11, p =
0.915), indicating that within the MENA fixed-ef-
fects context, improvements in government ef-
fectiveness do not significantly amplify the effect
of digital transformation on knowledge-econo-
my performance. H2 is therefore not supported
by the data. This null result is substantively in-
formative: it implies that in MENA, the digital-
knowledge channel operates primarily as a direct
infrastructure effect—expanding connectivity
raises patent activity and publication output re-
gardless of whether governance quality happens
to be improving concurrently. This contrasts with
the findings of Choi and Yi (2018) and Afonso and
Jalles (2021), who documented governance-con-
ditional digital returns in broader multi-country
samples. One plausible interpretation specific

to MENA is that the WGI governance indicator
moves very slowly within most countries over
time, while DTl moves rapidly; the asynchronous
dynamics of the two variables may explain the
absence of a within-country interaction effect
even where a cross-sectional interaction would
be detectable. A parallel test using the DTl x EDU
interaction also yields a statistically insignificant
term (B = -0.008, SE = 0.017, p = 0.627), reinforcing
the conclusion that digital infrastructure oper-
ates as a direct channel rather than through en-
abling-condition complementarities within this
panel (See Table 9).

The three robustness specifications in Table
9 collectively confirm the reliability of the main
findings. First, the lagged-DTI model (264 obser-
vations) yields a DTI(t-1) coefficient of 0.378 (SE
= 0.018, p < 0.001), only marginally below the
contemporaneous estimate of 0.391 and statis-
tically indistinguishable from it at conventional
thresholds. This near-equivalence suggests that
the digital-knowledge relationship is not the
product of simultaneous measurement and that
contemporaneous specification does not mean-
ingfully suffer from reverse causality. Second,
the low-imputation subsample (152 observations
with at most two imputed variables) produces
a DTI coefficient of 0.464 (SE = 0.032, p < 0.001),
somewhat above the full-sample estimate, indi-
cating that heavier imputation in the early years
of the panel slightly compresses the estimated
slope. The full-sample result is therefore a con-
servative estimate, and concerns about imputa-
tion contamination are empirically unfounded.
Third, the PCA-KEPI specification yields a DTI
coefficient of -0.552 (SE = 0.026, p < 0.001); the
sign reversal relative to Tables 5-6 is a technical
artifact of eigenvector orientation and does not
alter the substantive conclusion—the absolute
magnitude of 0.552 is consistent with the z-score
composite results. Across all three robustness
checks, governance effectiveness (when signifi-
cant) remains positive, FDI and GCF remain pos-
itive and significant, and education expenditure
remains statistically insignificant.
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CONCLUSION

This study set out to answer whether digital
transformation measurably improves knowledge
economy performance in MENA countries, and
under what enabling conditions. Using a panel of
275 country-year observations for 11 MENA econ-
omies from 2000 to 2024, and applying a country
fixed-effects estimator with heteroskedastici-
ty-robust standard errors, the results provide
strong empirical support for H1 (DTl coefficient
= 0.391, p < 0.001, within-R2 = 0.790) and reject
H2 (DTI x GOV coefficient = -0.005, p = 0.915). The
core finding—that digital transformation direct-
ly and robustly elevates knowledge-economy
performance in MENA—is stable across lagged
specifications, low-imputation subsamples, and
a PCA-constructed alternative outcome index.

The scientific contribution of the study is
threefold. First, it provides the first long-panel
comparative fixed-effects evidence on the dig-
ital-knowledge nexus for an 11-country MENA
sample, covering the full arc of digital diffu-
sion from 2000 to 2024. Second, it operation-
alizes both digital transformation and knowl-
edge-economy performance through composite
indices that integrate multiple dimensions of
each construct, overcoming the single-indicator
limitations of most prior work. Third, it introduc-
es a transparent imputation-sensitivity protocol
that quantifies the direction and magnitude of
any bias arising from the imputed character of
the dataset—a methodological contribution of
value beyond MENA-focused research.

The policy implications are concrete and ac-
tionable. For MENA governments, the results
indicate that investment in broadband infra-
structure, mobile network coverage, and inter-
net affordability carries a measurable knowl-
edge-economy dividend beyond aggregate GDP
effects. Because the DTI effect operates through
the within-country channel—improvements in a
country’s own connectivity over time—govern-
ments at lower levels of digital penetration, such
asAlgeria, Egypt,and Tunisia,facethe largest mar-
ginal returns to digital investment. This calls for
accelerated national broadband plans, reduced
tariff barriers on internet services, and targeted
subsidies for digital access in underserved rural
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and peri-urban areas. For GCC states, which have
already approached digital saturation in mobile
connectivity, the binding constraint shifts toward
the quality and depth of digital use—particularly
in research infrastructure, university computing
endowments, and open-access scientific data-
bases—rather than raw penetration metrics.

The null result for H2 carries its own policy
message: MENA governments should not defer
digital infrastructure investment on the grounds
that institutional quality is insufficiently devel-
oped to capture the knowledge-economy re-
turns. The data indicate that digital infrastruc-
ture produces innovation dividends even when
governance improvements are gradual, suggest-
ing that these two policy levers—digital invest-
ment and institutional reform—can and should
proceed in parallel rather than sequentially.

Three limitations warrant note. First, KEPI
captures only patents and publications, omit-
ting high-technology exports, R&D expenditure,
and human capital quality; future work should
test broader outcome specifications. Second,
the heavy imputation burden in the early 2000s
means some identifying variation relies on in-
terpolated data; alternative innovation databas-
es would strengthen the evidence base. Third,
country fixed effects identify only within-country
variation; quasi-experimental designs exploit-
ing submarine cable landings or spectrum auc-
tions could sharpen causal identification. Firm
- and sector-level analyses would further clarify
whether the aggregate effect is driven by tech-
nology-intensive industries or broad digital par-
ticipation.
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APENDIX

Table 1. Variable Operationalization.

Category Symbol Variable Proxy / Measurement Source

Composite z-score

of In(1+patents) and World Bank / WIPO

Dependent KEPI Knowledge Economy

Performance Index In(1+articles) / SCImago
Composite z-score of internet
Main DTI Digital Transformation Index %, fixed broadband/100, World Bank WDI

mobile/100

Education expenditure (% | Public spending on education

Control EDU GDP) 25 % of GDP World Bank WDI
Control GOV Government effectiveness WGl Goverr)me.znt Effectiveness World Bank WGI
indicator
Control TRADE Trade openness (% GDP) (Exports + Imports) / GDP World Bank WDI
Control FDI FDI net inflows (% GDP) Net FDI inflows as % of GDP World Bank WDI
Control GCF Gross capital formation (% GDP) | Total investment as % of GDP World Bank WDI
Moderator | DTIxGOV D|g|t§l x Gov_ernance Within-demeaned product Computed
interaction term

Note. WDI = World Development Indicators (World Bank). WGl = Worldwide Governance Indicators (World
Bank). WIPO = World Intellectual Property Organization. SCiImago = SCImago Journal & Country Rank. Sign
expectations are based on theoretical priors. DTIxGOV is the moderation term used in Equation 2.

Table 2. Descriptive Statistics.

Variable N Mean SD Min Max Skewness

DTI (composite z-score) 275 0.000 0.882 -1.428 1.584 0.006
KEPI (composite z-score) 275 0.000 0.955 -2.360 1.774 -0.140
Internet users (% pop.) 275 51.372 33.913 0.492 100.000 0.036
Fixed broadband (per 100) 275 5.778 6.154 0.000 22.798 1.358
Mobile subscriptions (per 100) 275 | 112.079 60.308 0.271 231.763 -0.096
Patent applications (residents) 275 | 138.687 205.125 1.000 752.000 2.067
Scientific journal articles 275 |2,059.844 | 2,430.548 | 44.600 | 97199.200 1.764
Education expenditure (% GDP) 275 4,256 1.485 1.225 9.124 0.471
Government effectiveness 275 0.124 0.562 -1.580 1.604 0.154
Trade (% GDP) 275 97.234 31.552 34.855 178.160 0.367

FDI net inflows (% GDP) 275 2.845 3.723 -4.540 23.537 1.629
Gross capital formation (% GDP) 275 | 25.254 8199 10.665 46.877 0.850

Source: Author’s research using R-studio.
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Table 3. Correlation Matrix and Multicollinearity Diagnostics.

Variable () () (3) (4) (5) (6) (7)
(1) DTI 1.000 0.011 | -0183*** | 0.290*** | 0.410*** | -0.310%** | 0.072

(2) KEPI 1.000 | 0.432%** | -0.457%** | -0.468*** | -0.007 | -0.029
(3) EDU 1.000 | -0145** | -0.284*** | -0.288*** | 0.071
(4) GOV 1.000 | 0.552*** | -0.072 | 0.027

(5) TRADE 1.000 | 0.210%** | -0.043
(6) FDI 1.000 | 0.05*
(7) GCF 1.000

VIF 1.631 — 1.237 1.539 2.033 1.599 1.075

Source: Author’s research using R-studio.
Note. *** p < 0.01, ** p < 0.05, * p < 0.10.

Table 4. Panel Diagnostic and Model Selection Tests.

Test

Statistic

Breusch-Pagan LM test

X2(1) = 452.7%%*

Modified Wald test (heteroskedasticity)

X2(11) = 287.4%%*

Wooldridge test (serial correlation)

F(1,10) = 22.1%**

Pesaran CD test (cross-sectional dependence)

CD = 3.94***

Hausman test (FE vs. RE)

X2(6) = 427

F-test: country fixed effects

F(10, 258) = 82.7***

F-test: time fixed effects

F(24, 234) = 1.2

IPS unit-root test: KEPI

W-stat = -4.61***

IPS unit-root test: DTI

W-stat = -3.14***

Source: Author’s research using R-studio.

Note. IPS = Im-Pesaran-Shin panel unit-root test. CD = Pesaran cross-sectional dependence test.

All tests computed on the 11-country, N = 275 sample. *** p < 0.01.
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Table 5. Pooled OLS Estimation Results.

Variable Coeff. Robust SE t-stat p-value
DTI 0.5471%** (0.063) 8.53 < 0.001
Education expenditure (EDU) 0.302%** (0.029) 10.38 < 0.001
(GGO(;'\?; nment effectiveness -0.387** (0.075) -5.07 < 0.001
Trade (% GDP) -0.015*** (0.002) -7.26 < 0.001
FDI net inflows (% GDP) 0.100*** (0.014) 716 < 0.001
Gross capital formation (GCF) -0.018*** (0.005) -3.62 < 0.001
Constant 0.41 (0.276) 1.49 0138
N = 275; R? = 0.548

Source: Author’s research using R-studio.
Table 6. Fixed Effects and Random Effects Comparison.
Pooled OLS Country FE Hausman y?2

Variable Coeff. SE Coeff. SE 44.2*** (p<0.001)
DTI 0.541%** (0.063) 0.391*** (0.018)
EDU 0.302*** (0.029) -0.008 (0.017)
GOV -0.381*** (0.075) 0.089** (0.040)
Trade (% GDP) -0.015*** (0.002) -0.001* (0.001)
FDI (% GDP) 0.100*** (0.014) 0.010** (0.005)
GCF (% GDP) -0.018*** (0.005) 0.013*** (0.003)
Constant 0.411 (0.276) — —
R? [ Within R? 0.548 0.790

Source: Author’s research using R-studio.
Note. Hausman x2(6) = 44.2, p < 0.001. FE: country fixed effects with HC1 robust SE.

RE: GLS random effects. Dependent variable: KEPI. N = 275.

120




GLOBALIZATION AND BUSINESS #21, 2026

Table 7. Preferred Country Fixed-Effects Model with Robust Standard Errors.

Variable Coeff. Robust SE t-stat p-value
DTI 0.397*** 0.018 2118 < 0.001
Education expenditure (EDU) -0.008 0.017 -0.49 0.622
Government effectiveness (GOV) 0.089** 0.040 2.25 0.025
Trade (% GDP) -0.001* 0.001 -1.81 0.071
FDI net inflows (% GDP) 0.010** 0.005 2.08 0.038
Gross capital formation (GCF) 0.013%** 0.003 424 < 0.001
N = 275; Countries = 11; Country FE:
Yes; R2 (within) = 0.790
Source: Author’s research using R-studio.
Table 8. Interaction (Moderation) Model Results.
Model 6 Model 7
(Baseline) (Interaction)
Variable Coeff. SE Coeff. SE Note
DTI 0.391*** (0.018) 0.390*** (0.019)
Government effectiveness (GOV) — — 0.090** (0.045)
Education expenditure (EDU) — — -0.008 (0.017)
DTl x GOV — - -0.005 (0.046) Key test
Trade (% GDP) -0.001* (0.001) -0.001* (0.001)
FDI (% GDP)

0.010**

(0.005)

0.010**

(0.005)
GCF (% GDP) 0.013*** (0.003) 0.013*** (0.003)
R2 (within) 0.790 0.790

Source: Author’s research using R-studio.

Note. Dependent variable: KEPI. Country FE, HC1 robust SE. DTIxGOV: interaction

of within-demeaned DTI and GOV. N = 275. *** p < 0.01, ** p < 0.05, * p < 0.10.
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Table 9. Robustness Check Results.

Low-

Lagged DTI Imputation PCA-KEPI
Variable Coeff. SE Coeff. SE Coeff. SE
DTI (t-1) 0.378*** (0.018) — — — —
DTI — - 0.464%** (0.032) -0.552%** (0.026)
GOV 0.087** (0.042) -0.036 (0.111) -0.126** (0.056)
EDU -0.018 (0.017) 0.026 (0.020) 0.012 (0.023)
Trade -0.001 (0.001) 0.001 (0.001) 0.002* (0.001)
FDI 0.013*** (0.005) 0.009** (0.004) -0.014** (0.007)
GCF 0.014*** (0.003) 0.009** (0.004) -0.019%** (0.004)
N 264 152 275
Within R2 0.780 0.762 0.790

Source: Author’s research using R-studio.
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